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1.0  INTRODUCTION 

The  performance  of  high  speed  high  density  GaAs  and  Si  integrated 
circuits  (IC's)  is  progressing  at  a  rapid  pace.  Silicon  IC's  with  over 
100,000  transistors  are  readily  available  commercially.  As  the  VHSIC  (very 
high  speed  integrated  circuit)  program  runs  its  course.  Si  IC's  with  pin 
counts  in  excess  of  200  pin's  will  become  commonplace. 

GaAs  IC's,  although  not  as  complex,  are  advancing  in  a  functional 

throughput  rate  and  complexity.  GaAs  Inherently  operates  at  higher  speeds 

than  Si,  typically  in  the  range  of  two  to  four  GHz.  As  a  result,  the  input 
and  output  data  for  these  devices  clock  at  rates  in  excess  of  two  GHz.  The 

GaAs  technology  has  developed  to  the  point  where  LSI  (1000  gates)  circuitry 

can  readily  be  fabricated,  and  the  trend  towards  VLSI  circuitry  is  proceeding 
at  a  rapid  pace.  It  is  expected  that  by  the  end  of  the  1980 's  a  GaAs 
microprocessor  will  be  demonstrated. 

With  the  rapid  advancement  of  these  two  technologies,  interconnection 
looms  as  a  common  problem  that  may  limit  the  complexity  and  speed  at  which 
this  circuitry  can  operate.  In  the  case  of  Si  IC's,  the  problem  involves  the 
density  of  the  Interconnects.  The  interconnection  of  subsystem  chips  contain¬ 
ing  200  pins  with  one  another  by  the  use  of  standard  multilayer  printed 
circuit  board  will  become  impractical  if  not  Impossible.  Alternate  means  must 
be  devised  to  interconnect  these  circuits.  Similarly,  as  the  density  of  GaAs 
circuits  Increases  to  VLSI  complexity,  the  Interconnection  of  circuits  operat¬ 
ing  In  the  one  to  four  GHz  range  represents  a  limiting  factor  in  the 
complexity  of  systems  that  can  be  assembled  with  existing  technology. 

A  potential  solution  to  these  problems  Is  the  interconnection  of  the 
circuits  by  the  use  of  optical  transmission.  The  optical  Interconnection  of 
Integrated  circuits  and  subsystems  brings  to  the  electronic  circuit  and  system 
designer  the  advantages  of  optical  communications.  These  Include  wide  band¬ 
width,  Immunity  from  noise,  Improved  transmission  security,  high  sensitivity, 
and  Immunity  from  ground  loops.  In  addition,  because  of  the  ultra  low  loss 
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and  wide  bandwidth  available  In  optical  fibers  today.  It  is  possible  to  inter¬ 
connect  circuits  or  subsystems  operating  at  very  high  data  rates  separated  by 
large  distances  with  no  transmitter  drive  power  penalty.  This  is  to  be 
contrasted  with  an  electrically  interconnected  system  in  which  increased 
distances  between  circuits  is  accommodated  by  large  increases  in  drive  power. 

The  bandwidth  of  optical  communication  systems  is  approaching  data 
rates  as  high  as  four  Gb/s.  This  is  accomplished  by  the  monolithic  inte¬ 
gration  of  sources  and  detectors  with  the  electronic  drive  circuitry  and 
receivers  and  is  thus  sometimes  called  integrated  optoelectronics.  Based  on 
results  to  be  provided  in  this  report,  it  appears  that  optical  interconnect 
using  monol ithically  integrated  optoelectronic  circuits  is  a  reasonable  way  to 
interconnect  GaAs  Integrated  circuits  operating  at  frequencies  as  high  as  four 
GHz. 

This  report  will  analyze  the  prospects  for  optically  interconnecting 
high  speed  GaAs  circuits.  Certain  assumptions  concerning  the  mode  of  trans¬ 
mission  and  degree  of  fanout  have  been  used  in  performing  the  analysis 
contained  In  the  report.  They  are: 

1)  Data  transmission  will  occur  in  packet  form  with  the  destination 
and  originator  of  the  data  specified  In  the  header  of  the  data 
packet.  This  form  of  transmission  permits  both  point-to-point 
and  broadcast  transmission  of  the  data.  It  allows  maximum 
interconnection  flexibility  for  subsystem  design  and  minimizes 
receiver  complexity. 

2)  The  Interconnect  scheme  must  accommodate  transmission  of  data  to 
all  or  most  of  the  receiver  terminals  to  allow  broadcast 
transmission. 
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The  report  Is  organized  as  follows:  It  first  reviews  the  state-of- 
the-art  in  Interconnect  technology,  GaAlAs/GaAs  lasers  and  transmitters,  and 
GaAlAs/GaAs  detectors  and  receivers.  Analyses  will  then  be  provided  of  three 
different  generic  techniques  for  optically  Interconnecting  optoelectronic 
circuits.  Based  on  the  requirements  of  high  bandwidth  and  the  known  charac¬ 
teristics  of  GaAs  detectors,  optical  interconnect  schemes  will  be  suggested. 
To  interconnect  IC's,  this  scheme  will  require  the  development  of  technology 
in  several  areas.  Each  of  these  areas  will  be  treated  separately,  and  the 
necessary  development  will  be  clearly  Identified.  Finally,  an  assessment  of 
technology  for  optically  interconnected  systems  will  be  attempted,  and  a 
program  plan  to  develop  and  implement  optical  interconnect  will  be  presented. 
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2.0  ASSESSMENT  OF  CURRENT  TECHNOLOGY 

To  put  Into  perspective  the  prospects  for  optical  interconnect  tech¬ 
nology,  it  is  necessary  to  assess  the  state-of-the-art  of  existing  inter¬ 
connect  technologies  as  well  as  of  the  individual  components  that  will  be  used 
in  an  optical  interconnect  scheme.  This  analysis  will  provide  the  basis  for 
subsequent  evaluation  of  optical  interconnect  approaches  and  will  identify  the 
required  technology  development. 

2.1  Interconnect  Technology 

At  present,  no  developed  interconnect  technology  exists  that  is 
suitable  for  interconnecting  integrated  circuits  and  systems  which  operate  at 
frequencies  in  the  range  of  two  to  five  GHz.  The  majority  of  the  available 
packaging/interconnect  technologies  are  suitable  only  for  low  frequency 
multiple  pin  interconnects.  Microwave  packaging  schemes  are  suitable  only 
when  a  few  ports  or  terminals  are  required.  Examples  of  these  two  extremes 
are  the  packaging/interconnection  schemes  used  for  silicon  VLSI  circuits  and 
the  techniques  used  to  interconnect  GaAs  transistors  in  very  high  frequency 
amplifiers.  To  achieve  the  interconnection  of  large  densities  of  ports  or 
terminals  that  operate  at  high  frequencies  will  require  innovative  approaches 
in  packaging  and  signal  transmission.  Many  new  approaches  are  being  proposed 
to  accomplish  the  interconnection  of  complex  Si  integrated  circuits  with 
support  circuitry  and  other  subsystems.  Two  examples  of  packaging  approaches 
are  shown  in  Figs.  1  and  2.  While  these  packages  accommodate  the  large  number 
of  terminals  on  the  VLSI  chip,  they  are  designed  to  operate  at  frequencies  no 
higher  than  10  to  20  MHz.  The  extension  to  circuits  operating  at  two  to  four 
GHz  Is  not  obvious.  The  spacing  of  the  conductors  will  not  support  signal 
transmission  at  frequencies  as  high  as  one  GHz. 

Reduced  coupling  between  parallel  conductors  can  be  accomplished  If 
they  are  arranged  In  a  strip  line  configuration  with  a  common  grounding  plane. 
This  approach  has  been  utilized  by  Mayo  Laboratories  to  successfully  interconnect 
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ECL  circuitry  operating  at  frequencies  as  high  as  one  GHz.  Figure  3  shows  a 
photograph  of  one  such  system.  Strip  line  interconnect,  however,  requires 
careful  termination  of  each  line.  The  degree  of  fanout  that  would  be  necessary 
to  accomplish  broadcast  interconnect  of  several  ports  is  impractical.  Furthermore, 
at  frequencies  as  high  as  four  GHz,  significant  coupling  of  signal  between 
lines  occurs  for  stripline  separations  as  small  as  100  yin.  Unacceptable 
coupling  occurs  at  these  frequencies  for  separations  in  the  range  of  usual 
GaAs  pinout  separations.  Thus,  the  current  interconnect  technologies  are 
unsuitable  for  the  interconnection  of  GaAs  integrated  circuits.  This  is 
particularly  true  when  one  wishes  to  consider  the  broadcast  interconnect  of 
many  circuits  by  the  use  of  packet  transmission  concepts. 

2.2  Laser  Technology 

The  GaAlAs/GaAs  double  heterojunction  injection  laser  will  be  the 
basis  of  the  transmitter  for  any  near-term  high  speed  optical  interconnect 
scheme.  These  lasers  have  demonstrated  high  performance,  long  life,  and  ready 
integration  with  a  well  developed  integrated  circuit  technology  based  on 
GaAs.  As  a  result,  one  can  consider  optical  interconnect  using  laser  trans¬ 
mitters  at  frequencies  approaching  four  to  five  GHz.  In  this  section,  we  will 
review  the  state-of-the-art  of  GaAlAs/GaAs  lasers  including  threshold  current, 
the  dependence  of  threshold  current  on  temperature,  the  high  speed  response, 
and  the  differential  quantum  efficiency  of  various  laser  designs. 

One  of  the  prime  considerations  in  the  use  of  GaAlAs/GaAs  laser 
transmitter  to  interconnect  integrated  circuits  will  be  power  dissipation. 

The  major  controllable  quantities  in  minimizing  power  dissipation  are  the 
threshold  current  of  the  laser  and  the  differential  quantum  efficiency.  These 
two  quantities  determine  the  quiescent  operating  point  of  the  device  as  well 
as  the  operating  current  range  for  a  particular  system  application.  Thus,  it 
is  expected  that  minimization  of  the  threshold  current  density  and  maximiza¬ 
tion  of  the  differential  quantum  efficiency  will  be  requirements  of  an  optical 
interconnect  scheme. 
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A  simple  stripe  geometry  GaAlAs/GaAs  laser  In  shown  schematically  In 
Fig.  4.  The  device  consists  of  four  layers  grown  on  a  GaAs  substrate.  The 
first  three  layers  which  alternate  between  GaAlAs  and  GaAs  define  an  optical 
waveguide  which  confines  the  optical  energy  to  the  central  GaAs  region  of  the 
waveguide  due  to  the  lower  index  of  refraction  of  the  GaAlAs  confining  layers. 
The  GaAlAs  layers  also  serve  another  purpose.  The  n-type  GaAlAs  layer, 
because  of  its  higher  energy  gap,  serves  as  a  carrier  reflecting  barrier  that 
tends  to  confine  carriers  injected  into  the  active  region  near  the  junction. 
Similarly,  the  p-type  GaAlAs  barrier  layer  serves  as  a  wide  bandgap  emitter 
which  suppresses  electron  injection  back  into  the  p-type  GaAlAs.  This  has  the 
effect  of  causing  all  current  flow  to  be  dominated  by  injection  of  holes  into 
the  n-type  GaAs  active  region.  The  use  of  this  structure  has  resulted  in  the 
extremely  low  threshold  current  densities  of  current  GaAs  lasers.  Figure  5 
shows  the  dependence  of  the  threshold  current  density  upon  the  active  layer 
thickness,  d.^1)  Note  that  the  threshold  current  density  has  a  minimum  value 
at  an  active  layer  thickness  of  approximately  700  to  800  A.  The  data  points 
shown  on  the  figure  represents  the  best  values  obtained  by  three  different 
materials  technologies  for  the  various  device  parameters.  There  is  generally 
good  agreement  between  the  experimental  results  and  the  theoretical 
calculations. 

To  achieve  low  threshold  current  devices,  structures  must  be  devised 
which  maximize  the  confinement  of  the  optical  wave  parallel  to  the  junction 
and  limit  the  total  area  of  current  flow.  Several  techniques  to  achieve  this 
have  been  devised.  Examples  of  them  are  shown  schematically  in  Fig.  6. 
Structures  in  which  the  current  is  confined  by  an  oxide  or  by  proton  bombard¬ 
ment  typically  result  in  confinement  of  the  optical  wave  owing  to  a  variation 
of  gain  across  the  active  region-gain-guided  lasers.  By  comparison,  device 
structures  which  utilize  active  steps  in  the  effective  index  of  refraction 
across  the  active  portion  of  the  device  are  called  index  guided  structures  or 
mode  controlled  structures.  A  special  case  is  the  transverse  junction  stripe 
laser  which  relies  on  index  guiding  to  confine  the  wave  in  the  direction 
parallel  to  the  junction  but  upon  gain  guiding  to  control  the  mode  in  the 
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direction  perpendicular  to  the  junction.  Figure  6  also  shows  the  lowest 
threshold  current  that  has  been  obtained  using  each  of  the  structures  for 
nominal  200  to  300  ym  long  cavity. 


Temperature  Dependence  of  Threshold 

Over  the  temperature  range  0°C  to  70°C,  most  double  heterostructure 
lasers  are  dependent  upon  temperature  as  given  in  the  following  equation: 


Jth  ■  Jth  «pwto>  !1) 

This  empirically  derived  equation  indicates  that  the  threshold  current  can  be 
a  very  strongly  varying  quantity  with  temperature  depending  upon  the  value  of 
Tg.  Tg  in  turn  depends  upon  a  large  number  of  device  and  technology  para¬ 
meters.  However,  the  best  and  average  values  of  Tg  for  each  of  the  device 
structures  are  listed  in  Fig.  7.  In  each  case,  the  most  common  Tg  value  for  a 
double  heterostructure  laser  independent  of  the  lateral  guiding  mechanism  is 
150K  to  180K.  On  the  other  hand,  both  the  TJS  device  structure  and  the  deep 
diffused  device  structure  have  Tg's  in  the  range  of  120K.  This  results  from 
parallel  current  leakage  in  the  GaAlAs  regions  of  the  diffused  junction's 
structure.  It  appears  to  be  fundamental  to  the  device  structures  and  is  a 
distinct  disadvantage  of  these  two  devices. 


Frequency  Dependence 

Semiconductor  laser  operation  involves  a  nonlinear  interaction 
between  the  injected  carrier  density  and  the  emitted  photon  population  that 
strongly  affects  the  frequency  dependence  of  the  device.  Interaction  between 
the  photons  in  a  laser  mode  and  the  active  carrier  density  are  governed  by  the 
following  rate  equations:^7"25) 
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where  n($)  is  the  electron  (photon)  population;  Tsp(tp)  is  the  electron 
(photon)  lifetime;  g  is  the  gain  coefficient;  V  Is  the  volume;  and  a  is  the 
fraction  of  spontaneous  recombination  emitted  into  the  lasing  mode. 

These  coupled  nonlinear  differential  equations  describe  the  simplest 
case  of  a  uniform  carrier  and  photon  distribution  in  the  semiconductor  active 
region.  Recent  studies  have  shown  that  the  effects  of  strong  variations  of 
either  of  these  quantities  within  the  active  region  can  play  a  major  role  in 
modifying  the  frequency  dependence  of  injection  lasers.  However,  to  describe 
the  general  characteristics  of  semiconductor  lasers,  we  assume  the  uniform 
excitation  case.  To  determine  the  frequency  dependence  of  a  semiconductor 
laser,  we  consider  small  signal  modulation  by  a  sinusoidally  varying  current. 

Figure  7  shows  the  dependence  of  the  modulation  efficiency  as  a 
function  of  frequency  for  several  different  values  of  the  DC  current. 

Several  features  are  worthy  of  note.  Below  threshold,  the  frequency  depend¬ 
ence  shows  a  falloff  above  a  critical  frequency,  fc[fc  =  (TspTp)-1^2]* 

Above  threshold,  there  Is  a  marked  resonance  in  the  modulation  efficiency 
whose  frequency  Increases  with  the  drive  current  above  threshold.  The  peak 
frequency  of  this  resonance  is  given  by  the  following  equation:^2®) 

fr  ’  k  (k  - 1)]1 1/2  ■  fc(i„  - 1)1/2  (3) 

sp  p  th  tn 

Typical  values  for  tsp  and  xp  are  5  nsec  and  2  psec  respectively;  this  leads 
to  a  value  for  the  characteristic  frequency  of  fc  -  1.5  GHz.  Thus,  for 
operation  at  very  high  frequencies,  biasing  of  the  device  well  above  threshold 
Is  required.  On  the  other  hand,  higher  frequency  operation  can  also  be  achieved 
by  reduction  of  the  carrier  lifetime  or  the  photon  lifetime.  However,  this 
usually  results  In  an  Increase  of  the  threshold  current  density.  For  example, 
a  decrease  by  a  factor  of  four  In  the  photon  lifetime  or  carrier  lifetime 
results  In  a  factor  of  two  Increase  In  fc.  On  the  other  hand,  these  decreases 
will  result  In  an  Increase  of  laser  threshold  and  a  decrease  In  differential 
quantum  efficiency. 
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Several  factors  affect  the  height  of  the  resonance  including  carrier 
diffusion, (19,25)  nonun1form  photon  distribution,^9)  and  coupling  between  the 
carrier  population  and  the  spontaneously  emitted  photons  in  a  particular 
mode.(20»26)  However,  for  our  purpose,  it  is  important  to  note  that  the 
maximum  frequency  is  determined  to  some  extent  by  the  drive  conditions  of  the 
device  and  also  by  the  device  structure.  Figure  6  also  shows  the  best  results 
obtained  to  date  for  the  maximum  frequency  of  operation,  i.e.,  resonance 
frequency  for  each  of  the  device  structures. 

The  resonance  peak  exhibited  in  Fig.  7  also  has  a  pronounced  effect 
on  the  pulse  response  of  these  devices.  The  devices  typically  exhibit  pro¬ 
nounced  ringing  at  the  onset  and  turnoff  of  pulsed  operation  due  to  this 
resonance  phenomenon.  The  frequency  of  the  ringing  Is  equal  to  the  resonance 
frequency.  These  relaxation  oscillations  can  contribute  a  significant  pattern 
effect  when  attempting  to  pulse  code  modulate  laser  devices  at  high  frequencies. 
Several  schemes  have  been  devised  to  minimize  such  pattern  effects.  Adequate 
information  Is  now  available  to  reduce  this  to  a  manageable  problem. 

Differential  Quantum  Efficiency 

The  differential  quantum  efficiency  of  an  injection  laser  is  an 
important  parameter  for  most  applications.  In  the  case  of  high  speed  pulse 
code  modulation,  the  differential  quantum  efficiency  and  the  bias  dependence 
of  the  frequency  response  determines  the  average  power  required  to  achieve 
modulation  at  some  given  frequency.  The  laser  will  usually  be  biased  near 
threshold  to  some  quiescent  operating  point  and  then  modulated  with  a  current 
pulse  above  this  operating  point.  The  average  current  drive  then  is  deter¬ 
mined  by  these  operating  parameters  and  the  system  sensitivity.  For  most 
Interconnect  applications,  the  emitted  power  need  not  be  more  than  1  mW. 

However,  It  must  be  enough  higher  than  the  quiescent  operating  power  to 
minimize  the  system  sensitivity  to  noise.  The  differential  quantum  efficiency 
of  various  device  structures  Is  dependent  upon  the  reflectivity  of  the  laser 
mirrors  and  the  Internal  losses  of  the  device.  The  following  equation  gives 
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an  expression  for  the  external  quantum  efficiency  in  terms  of  the  internal 
quantum  efficiency : (^7) 


next  n1nt 


7T  ln 


2U 


in 
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+  (X 
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where  L  is  the  device  length,  R  is  the  mirror  reflectivity,  a  the  loss 
coefficient  and  n^nt  the  internal  quantum  efficiency.  Device  structures  which 
minimize  the  coupling  of  the  optical  wave  with  the  active  region  of  the  device 
typically  have  very  high  differential  quantum  efficiencies  owing  to  reduced 
free  carrier  absorption  losses.  These  structures  can  usually  be  obtained  with 
very  thin  active  regions  and  structures  which  are  weakly  confined  in  the 
lateral  direction.  However,  the  reduced  coupling  between  the  optical  wave  and 
the  excited  carrier  density  decreases  the  rate  of  stimulated  emission  and  thus 
increases  the  threshold  current.  Figure  6  shows  the  highest  differential 
quantum  efficiency  obtained  with  various  device  structures  as  well  as  the 
differential  quantum  efficiency  observed  at  the  lowest  threshold  current.  In 
many  cases,  they  are  the  same  value.  Clearly,  differential  quantum  efficiency 
in  the  range  from  40  to  90%  can  be  obtained.  The  output  power  required  for 
any  particular  application  is  usually  determined  more  by  the  need  to  achieve 
low  threshold  or  a  certain  speed  of  response. 


Summary 

A  wide  range  of  device  structures  exist  which  yield  low  laser  thres¬ 
holds,  high  speeds  of  response,  and  high  differential  quantum  efficiencies. 

To  permit  laser  operation  at  frequencies  as  high  as  four  GHz  or  higher.  It 
will  be  necessary  to  monol ithically  Integrate  the  laser  with  the  drive 
circuitry.  This  monolithic  Integration  will  probably  be  the  guiding  factor  In 
determining  which  device  structure  Is  actually  chosen. 

2.3  Oetector  Technology 

Monolith*  Integrated  optoelectronics  requires  the  use  of  GaAs 
detectors  In  .the  receiver  portion  of  the  Interface.  Although  not  as  well 
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developed  as  Si  detectors,  GaAs  detectors  have  shown  performance  characteris¬ 
tics  which  make  them  quite  suitable  for  optical  interconnect  at  very  high  data 
rates.  In  this  section,  we  will  describe  the  characteristics  of  GaAs  photo¬ 
detectors  that  have  been  reported. 

Efficiency 

GaAlAs/GaAs  photodetectors  have  routinely  been  fabricated  which 
achieve  quantum  efficiencies  in  excess  of  80%.(28»29)  This  high  quantum 
efficiency  results  from  the  use  of  a  GaAlAs  surface  layer  to  minimize  the  loss 
due  to  the  surface  recombination  of  photo-generated  carriers.  GaAs  has  an 
absorption  coefficient  In  excess  of  104  cm"*  above  its  bandgap.  As  a  result, 
for  wavelengths  of  light  which  are  efficiently  detected  (i.e.,  those  above  the 
bandgap  of  GaAs),  the  photo-generated  carriers  are  generated  within  1  to  2  urn 
of  the  surface.  Thus,  many  of  the  photo-generated  carriers  can  diffuse  to  the 
surface  and  recombine  there  if  it  is  not  properly  passivated.  This  is  accom¬ 
plished  by  the  use  of  the  GaAlAs  layer  that  serves  to  repel  minority  carriers 
from  the  surface  and  minimize  surface  recombination.  Because  of  this  barrier, 
most  of  the  minority  carriers  generated  in  the  material  are  available  to 
diffuse  to  the  junction  and  generate  current  within  the  external  circuit.  At 
Rockwell,  we  have  been  able  to  routinely  fabricate  GaAlAs/GaAs  detectors  with 
quantum  efficiencies  in  the  near  Infrared  portion  of  the  spectrum  of  80%  or 
greater.  This  should  be  more  than  adequate  for  the  applications  envisioned  in 
this  study. 

Frequency  Response 

The  frequency  response  of  GaAs  photodetectors  is  primarily  limited  by 
transit  across  the  depletion  width  of  the  device.  In  a  properly  designed 
device,  all  of  the  absorption  occurs  within  the  depletion  region,  and  the 
carriers  are  swept  to  the  p-n  junction  by  the  built-in  field  of  the  junction. 
This  Is  accomplished  by  designing  the  device  with  low  enough  doping  on  either 
side  of  the  junction  that  the  depletion  width  Is  greater  than  2  nn  In 
extent.  As  Is  shown  later,  when  the  device  Is  operated  near  breakdown  this 
corresponds  to  a  doping  level  of  -lO16  cm-3.  Law,  et  al,(29)  have 
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demonstrated  very  high  speed  GaAs  avalanche  photodiodes  with  rise  and  fall  times 
-  35  psec.  The  total  pulse  width  for  this  device  was  '•150  ps  FWTM.  This  device 
was  constructed  as  a  window  photodiode  with  a  very  lightly  doped  p  region  that 
was  biased  to  complete  depletion  or  punch  through.  Under  these  conditions  of 
operation,  all  of  the  photons  are  absorbed  in  the  p-type  GaAs  portion  of  the 
device  and  are  swept  to  the  junction  in  the  resulting  built  in  field. 

Gain  and  Leakage  Currents 

The  leakage  currents  in  GaAlAs/GaAs  devices  are  typically  dominated 
by  surface  currents.  Thus,  careful  passivation  of  the  surface  is  necessary  to 
reduce  the  leakage  levels  to  a  minimum  value.  For  devices  with  100  urn  dia¬ 
meter,  the  leakage  currents  can  be  made  as  low  as  one  to  two  pA.  This  Is  more 
than  adequate  for  high  performance  PIN  and  avalanche  photodiodes.  With  leak¬ 
age  levels  in  this  order,  high  gain  avalanche  photodiodes  with  high  sensitivity 
have  been  fabricated  at  Rockwell.  These  devices  exhibited  gains  of  the  order 
of  50  to  90  at  operating  voltages  near  120  V.  The  system  requirements  based 
on  an  analysis  of  optical  coupling  characterl sties  will  be  described  later. 
However,  gains  in  the  range  from  10  to  100  appear  to  be  adequate  for  most 
interconnect  circumstances. 

Capacitance 

The  capacitance  of  GaAs  photodetectors  is  an  important  consideration 
In  the  design  of  high  speed  digital  receivers.  For  example,  in  order  to 
Improve  noise  characteristics  over  a  simple  50  n  input  Impedance  preamp,  the 
transimpedance  design  may  be  used.  However,  with  this  design  using  a  trans¬ 
impedance  of  1,000  fl,  the  capacitance  of  the  photodiode  must  be  reduced  to 
below  0.5  pf  to  achieve  frequency  response  >1  GHz.  Thus,  the  doping  levels  of 
the  device  and  the  area  of  the  device  must  be  designed  to  achieve  these  very 
low  capacitance  levels.  Figure  8  shows  the  dependence  of  capacitance  upon 
doping  level  for  various  levels  of  reverse  bias.  To  achieve  capacitances  of 
-0.5  pF  or  less  In  a  100  urn  diameter  device  will  require  doping  levels  below 
2  x  10*6  cin'3  and  reverse  bias  above  10  V  and  high  reverse  biases. 
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2.4  Integrated  Optoelectronics 

The  Integration  of  optoelectronic  devices  with  electronic  devices  Is 
at  Its  very  early  stages  of  development.  Early  demonstrati ons( 30-34 )  of  Inte¬ 
gration  have  focused  on  feasibility  rather  than  practicality,  and  performance 
required  for  Interconnection  of  very  high  speed  devices  has  not  yet  been 
demonstrated. 

Monollthlcally  Integrated  transmitters  have  been  fabricated  In  a 
number  of  configurations.  These  transmitters  typically  consisted  of  a  single 
drive  transistor  and  a  laser  Integrated  on  the  same  chip.  Field  effect 
transistors^30)  (FET),  bipolar  heteroj unction  transistors, (31)  and  Gunn 
devices (32)  have  been  Integrated  with  GaAlAs/GaAs  lasers.  However,  the 
configurations  of  all  of  these  demonstrations  have  been  such  that  high  speed 
performance  or  even  high  efficiency  performance  have  not  been  attempted.  The 
major  drawbacks  to  these  designs  have  been  that  the  lasers  and  the  drive 
transistors  have  been  fabricated  with  too  coarse  a  geometry  to  allow  high 
speed  modulation.  The  highest  modulation  speed  was  obtained  with  a  trans¬ 
mitter  In  which  a  laser  and  FET  were  vertically  Integrated.^33)  However,  this 
transmitter  design  Is  not  practical  for  application  to  Interconnect  and  has 
been  abandoned  In  favor  of  the  planar  approach  chosen  by  Rockwell  and 
presently  being  developed  under  a  separate  DARPA  contract.  The  Rockwell 
approach  (see  Fig.  9)  utilizes  the  well -developed  GaAs  Integrated  circuit  tech¬ 
nology  along  with  advanced  materials  technology  to  create  a  planar  Integrated 
optoelectronic  technology  that  will  be  capable  of  very  high  speed  operation. 
Operation  at  frequencies  as  high  as  four  GHz  will  require  the  use  of  FET  drivers 
with  1  um  or  less  gate  lengths  that  can  only  be  defined  on  surfaces  that  are 
smooth  and  planar.  The  mesa  approach  characteristic  of  early  Integration 
attempts  Is  not  suitable.  Rockwell's  approach  Is  to  grow  the  epitaxial  layers 
for  the  double  heterostructure  laser  In  a  groove  on  the  surface  of  the  seml- 
Insulatlng  substrate.  This  results  In  a  planar  substrate  surface  for  subsequent 
Ion  Implantation  and  fine  line  lithographic  definition.  To  date,  Rockwell  has 
demonstrated  the  operation  of  lasers  on  semi -Insulating  substrates  as  well  as 
the  operation  of  high  speed  FET's  and  transferred  electron  devices  on  substrates 
on  which  lasers  have  been  grown.  Efforts  to  achieve  laser  operation  with  on- 
chip  drivers  are  now  In  progress. 
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Integrated  receivers  for  the  most  part  have  taken  the  form  of  photo¬ 
diodes  monolithlcaily  integrated  with  a  low  noise  FET.  These  useful  demonstra¬ 
tions  of  integration,  however,  were  not  aimed  at  high  speed  performance,  and 
thus  the  fine  line  geometry  and  the  low  capacitance  were  not  demonstrated.  On  the 
other  hand,  Yariv  and  coworkers (34)  have  demonstrated  a  monolithically 
transceiver  consisting  of  an  FET  detector,  an  FET  driver,  and  a  laser  on  the 
same  chip.  No  high  speed  performance  was  attempted. 

These  early  attempts  at  Integration  represent  the  beginning  of  what 
must  become  a  concerted  development  program  to  integrate  the  epitaxial  tech¬ 
nology  for  optical  devices  with  the  Ion  implantation  technology  for  electronic 
devices.  At  present,  the  lasers  transmitters,  for  example,  all  are  fabricated 
using  cleaved  mirror  lasers.  This  choice  of  laser  cavity  automatically  limits 
the  dimensions  of  the  transmitter.  In  order  to  build  field  effect  transistors 
with  the  required  drive  power  to  operate  lasers,  one  must  establish  a  rectangular 
geometry  for  the  transmitter  chip.  This  is  dictated  by  the  need  to  place  the 
FET  and  the  transferred  electron  logic  device  (TELD)  in  close  proximity  to  the 
laser  without  making  the  cleaved  laser  too  long  to  be  practically  driven  by  an 
FET.  In  turn,  this  requires  that  the  laser  be  >  300  urn  long.  Longer  lasers 
will  have  too  high  a  threshold,  and  shorter  lasers  will  make  It  impossible  to 
fabricate  the  necessary  electronic  drive  devices  close  enough  to  the  laser. 
Tradeoffs  such  as  these  are  only  now  being  addressed.  These  and  similar 
questions  must  be  answered  before  a  monolithic  Integrated  optoelectronic 
technology  is  ready  for  application  to  IC  Interconnect. 
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3.0  ASSESSMENT  OF  OPTICAL  INTERCONNECT 

Interconnection  of  high  speed  digital  Integrated  circuits  utilizing 
optical  means  requires  that  a  passive  optical  distribution  network  must  be 
utilized  to  transmit  the  optical  Information  from  one  point  to  another.  To 
permit  the  general  interconnection  of  one  transmission  point  with  other  recep¬ 
tion  points  In  the  system,  we  assume  that  the  data  are  transmitted  in  a  data 
packet  from  the  various  transmitters.  As  a  result,  the  information  is 
contained  in  a  burst  of  bits,  some  of  which  Indicate  the  destination,  others 
the  sender,  and  others  the  data  to  be  transmitted.  The  transmission  can  be 
point  to  point  or  broadcast  Interconnect  In  which  a  given  transmitter  sends  to 
all  other  receivers.  As  a  result.  It  Is  required  that  the  optical  inter¬ 
connect  medium  permit  the  efficient  distribution  of  the  optical  energy  to  all 
of  the  required  ports,  with  minimal  loss  due  to  coupling  and  Insertion  of  the 
optical  signal.  Furthermore,  the  size  of  this  optical  medium  and  any  network 
that  may  be  Involved  must  be  compatible  with  the  sizes  of  typical  GaAs  Inte¬ 
grated  circuits  (1  cm)  and  projected  systems  utilizing  such  circuits  (10  cm  x 
10  cm).  The  medium  must  be  capable  of  transmitting  signal  over  the  required 
distances  (10  cm)  with  sufficiently  low  dispersion  to  allow  for  four  GHz  data 
transmission. 

In  this  section,  we  Investigate  three  generic  techniques  for  optically 
interconnecting  Integrated  circuits  -  guided  wave  Interconnect,  broadcast  Inter¬ 
connect,  and  high  Q  cavity  Interconnect.  We  will  Investigate  the  fanout  and 
Insertion  losses  of  each  of  these  generic  techniques  and  consider  specific 
examples  of  the  ways  In  which  these  types  of  interconnect  could  be  Implemented. 
We  will  further  Investigate  the  possibility  of  any  dispersive  effects  that 
will  limit  the  data  handling  capability  of  the  media. 

3.1  Guided  Wave  Interconnect 

Guided  wave  Interconnect  refers  to  the  transmission  and  distribution 
of  optical  data  via  a  medium  that  localizes  the  optical  energy  and  distributes 
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it  to  the  required  destination  points.  The  two  most  obvious  examples  of 
guided  wave  interconnect  would  be  optical  fibers  and  planar  wave  guides.  The 
interconnection  of  integrated  circuits  using  optical  fibers  requires  the 
hybrid  coupling  of  the  fibers  to  the  transmitters  and  the  receivers.  An 
example  of  an  optical  interconnect  approach  that  could  be  applied  to  the 
interconnection  of  integrated  circuits  is  shown  in  Fig.  10.  Here  we  show  a 
biconlcal  fused  taper  coupler(35-37)  in  whlch  a  large  number,  N,  of  optical 
fibers  is  fused  at  a  point  such  that  the  injection  of  an  optical  signal  in  one 
of  the  fibers  results  in  the  distribution  of  the  light  energy  to  all  of  the 
output  fibers  in  the  bundle.  A  feasible  implementation  of  a  biconlcal  fiber 
coupler  is  shown  in  Fig.  11.  Here  the  fiber  network  is  coupled  to  both  the 
lasers  and  the  detectors  from  the  top  surface  of  the  device.  Alignment 
between  individual  lasers  and  detectors  is  achieved  by  imbedding  the  fiber 
network  in  a  precisely  machined  block  that  holds  the  fibers  over  the 
transmitters  and  receivers.  We  will  investigate  the  properties  of  this 
coupler  as  a  generic  example  of  guided  wave  interconnect. 

The  properties  of  bl  coni  cal  fused  taper  couplers^  >36)  have  been 
investigated  in  some  detail.  To  achieve  high  efficiency  coupling  from  the 
input  port  to  all  of  the  output  ports,  it  is  necessary  to  arrange  the  fibers 
in  a  close  packed  configuration  during  the  fusion  process,  so  that  maximum 
surface  contact  between  the  various  fibers  is  achieved.  In  this  manner, 
workers  have  fabricated  couplers  with  1,  7,  and  19  fibers. (35,36)  yhe 
operation  of  these  couplers  results  from  the  radiation  of  the  power  in  the 
input  fiber  into  the  cladding  layers  of  the  fiber  bundle,  owing  to  the  taper 
in  the  core  of  the  input  fiber  and  the  subsequent  capture  and  transmission  of 
this  radiation  in  the  output  fiber  cores.  A  relatively  simple  expression  for 
the  coupling  between  an  input  fiber  and  an  output  fiber  has  been  developed. 


(5) 


where  is  the  coupling  between  the  1^  input  fiber  and  the  output 
fiber,  Kr  is  the  fraction  of  the  incident  power  radiated  into  the  cladding,  Kt 
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is  fraction  of  the  radiated  power  reabsorbed  into  the  output  fiber,  and  N  is 
the  number  of  fibers  in  the  taper  coupler.  Similarly,  the  coupling  coeffi¬ 
cient  for  the  I**1  input  fiber  and  i^  output  fiber  can  be  expressed  as 


KrKt 

cii  =  -  M  +  u 


(6) 


The  total  efficiency  of  the  coupler,  Ke,  is 


Ke  -  C„  MN-D  C.d 


(7) 


Ke  "  Ci1  +  Z  C1j 

j*1 


(8) 


In  Fig.  12,  we  show  the  coupling  coefficient  vs  the  number  of  fibers  in 
the  fiber  coupler  on  a  log-log  plot.  Notice  that  the  experimental  data  agree 
well  with  the  expression  given  In  Eq.  (5)  if  the  empirical  values  of  0.6  for 
Kt  and  0.85  for  Kr  are  used.  The  insertion  loss  of  the  coupler  is  given  by 
the  product  KrKt.  This  is  equal  to  50%  or  3  dB.  The  important  result  to  be 
derived  from  this  figure,  however,  is  that  the  use  of  an  optical  fiber  distri¬ 
bution  network  will  result  in  the  splitting  of  the  optical  energy  into  N 
approximately  equal  parts  and  the  subsequent  distribution  of  these  parts  to  N 
ports. 

The  coupling  of  light  between  points  via  guided  waves  can  also  be 
accomplished  by  the  use  of  planar  waveguides  in  an  optically  transparent 
medium.  Several  technologies  have  emerged  which  will  allow  the  low  loss 
coupling  of  energy  from  one  point  to  another  via  optical  waveguides.  Two  of 
the  most  promising  technologies  Involve  the  use  of  diffused  waveguides  In 
lithium  nlobate  and  laser  annealed  waveguldes^3®*3^  In  deposited  glass  wave¬ 
guides  on  silicon  substrates.  In  the  latter  case,  waveguide  losses  as  low  as 
0.60  dB/cm  have  been  achieved. (39)  While  significantly  higher  than  for  glass 
fibers,  this  loss  still  represents  a  major  achievement  In  the  technology  of 
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optical  waveguides.  By  contrast,  the  usual  losses  in  lithium  niobate  type 
waveguides  Is  of  the  order  of  one  to  two  dB/cm.  As  a  result,  transmission 
over  10  cm  will  result  in  a  signal  decrease  by  an  order  of  magnitude  or 
more.  This  could  reduce  the  system  sensitivity  in  a  large  area  system. 
However,  the  losses  in  glass  waveguides  have  reached  the  point  where  planar 
waveguides  appear  to  be  reasonable  Interconnect  technology  for  high  speed 
integrated  circuit.  One  difficulty  of  using  planar  waveguides  Is  the  need  to 
accommodate  the  necessary  bends  in  the  waveguide  in  a  small  area  to  allow  the 
distribution  of  the  light  to  the  various  ports.  Typical  bend  radii  for  planar 
waveguides  are  of  the  order  of  two  cm.  This  is  a  relatively  large  geometry 
compared  to  a  10  cm  board  and  may  render  planar  waveguide  interconnect  useless 
for  some  circuit  interconnects.  The  distribution  of  optical  energy  in  a 
planar  waveguide  will  result  in  a  1/N  distribution.  However,  the  insertion 
losses  will  be  considerably  reduced,  since  the  coupling  between  adjacent 
waveguides  results  in  little  or  no  loss  of  radiation. 

To  summarize  and  assess  guided  wave  Interconnect,  we  must  consider 
all  of  the  losses  that  will  occur  in  transmission  of  a  signal  from  one  laser 
to  one  detector  on  a  large  area  circuit  board.  These  losses  include  the  wave 
guide  insertion  losses  (that  is,  the  efficiency  of  coupling  light  from  the 
laser  into  the  guide),  coupler  insertion  losses,  the  splitting  losses  that 
result  from  splitting  the  energy  into  N  roughly  equal  parts,  and  finally  any 
absorption  or  scattering  losses  that  might  occur  in  the  waveguide  during  the 
transmission  of  the  energy.  It  is  expected  that  the  latter  losses  will  be 
minimal  or  zero  In  commercial  optical  fibers  but  may  become  substantial  In 
planar  waveguides  where  corner  turning  can  result  in  substantial  radiation 
losses. 


3.2  Broadcast  Interconnect 

The  second  technique  for  Interconnecting  various  ports  of  a  high 
speed  Integrated  circuit  system  Involves  the  broadcast  transmission  of  the 
optical  energy  In  free  space.  Since  we  envision  the  circuits  all  packaged  on 
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a  planar  substrate,  broadcast  interconnect  must  be  accomplished  via  the 
spatial  dispersion  of  the  optical  signal  from  an  overhead  source,  such  as 
shown  in  Fig,  13.  Here  the  optical  radiation  is  aimed  at  a  highly  diffusing 
but  highly  reflecting  surface.  This  surface  results  in  the  reflection  of  the 
optical  signal  In  a  Lambertian  distribution.  This  form  of  interconnect  has 
the  advantage  that  there  are  virtually  no  insertion  losses,  and  the  major  loss 
results  from  the  fractional  area  subtended  by  the  detector  compared  to  the 
illuminated  area.  This  can  be  quantified  by  considering  the  geometry 
considered  in  Fig.  13.  Here  we  consider  a  transmitter  radiating  light  in  a 
very  narrow  beam  onto  a  perfectly  rough  and  perfectly  reflecting  surface.  As 
a  result,  the  light  is  dispersed  in  a  Lambertian  distribution  and  is  broadcast 
over  a  large  area.  If  the  detector  sits  at  a  distance,  Rj ,  from  the  trans¬ 
mitter,  the  intensity  of  light  received  by  the  detector  can  be  estimated  from 
classical  physical  concepts.  If  the  area  of  the  receiver  is  Ar  and  it  is 
situated  at  a  distance,  X,  from  a  transmitter  in  the  cavity  as  shown  in 
Fig.  13  with  a  height,  H,  the  intensity  of  light  received  by  that  receiver  can 
be  expressed  by  the  following  equation: 


I  = 


*o 

47 


(x2  +  H2) 


cos2  $  = 


0  . 
47  Ar 


H, 


(H2  +  X2); 


(9) 


Since  the  cos^<j>  =  H^/(X^  +  H^) ,  the  fraction  of  the  intensity 
received  at  a  point  R  from  a  transmitter  can  be  expressed  as  shown  In  the 
second  equality.  If  we  normalize  those  quantities  by  the  maximum  distance 
over  which  the  light  would  have  to  travel  from  one  corner  of  a  circuit  board 
to  another,  Xmax,  , 


T  -  1(5  P  h2 

4*  (x2  +  h2)2 

where  ^ 

8  •  <rr->- "  ■ "/«™, and "  ■  r- 

X  .  mflx 


(10) 
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From  this  expression,  it  can  be  seen  that  the  coupling  efficiency, 
I/Iq,  varies  as  the  ratio  of  the  detector  area  to  the  area  being  illuminated. 
This  ratio,  6,  is  the  determining  factor  in  deciding  the  area  coverage 
possible  with  broadcast  interconnect.  The  other  terms  which  represent  the 
geometric  fraction  of  the  Lambertian  source  subtended  by  the  detector  can  be 
made  a  slowly  varying  function  of  position  on  the  board.  This  is  shown  in 
Fig.  14  where  we  plot  the  relative  intensity  normalized  to  3  as  a  function  of 
position  for  various  ratios  of  the  height  of  the  coupling  container  to  the 
total  dimension  to  be  illuminated.  Clearly,  for  values  of  the  height  equal  to 
or  greater  than  the  dimension  to  be  illuminated,  the  dependence  of  this 
geometrical  factor  is  small.  This  puts  a  constraint  on  the  dimensional  size 
of  the  package  to  be  utilized  for  radiation  coupling.  Thus,  to  interconnect 
circuits  on  a  10  cm  x  10  cm  circuit  board,  an  enclosure  whose  height  is  10  cm 
will  be  required.  On  the  other  hand,  if  the  chips  can  be  arranged  on  the 
circuit  board  such  that  communication  is  only  necessary  between  one  chip  and 
its  nearest  neighbors,  it  may  well  be  possible  to  use  much  smaller  package 
heights.  From  Section  2.3,  we  know  that  large  materials  penalties  will  be 
paid  to  achieve  very  high  data  rates  If  the  detector  area  is  greater  than 
10"4  cm2.  Thus,  to  illuminate  a  10  cm  board  with  any  chip  on  the  board  will 
require  a  minimum  signal  loss  of  60  dB.  This  loss  varies  reciprocally  with 
the  square  of  the  dimension  of  the  board.  If  the  area  of  the  detector  can  be 
made  larger,  of  course,  this  loss  scales  linearly  with  the  area. 

3.3  High  Q  Cavity  Coupled  Interconnect 

As  seen  In  the  previous  section,  broadcast  Interconnect  results  In 
large  losses  owing  to  the  small  area  subtended  by  a  detector  compared  to  the 
area  being  illuminated.  Guided  wave  Interconnect  requires  careful  coupling  of 
the  radiation  Into  the  waveguide  and  has  Inherent  coupling  losses  and 
Increased  fabrication  difficulties.  As  a  result,  we  have  investigated  a  third 
type  of  Interconnect  scheme  which  we  call  high  Q  cavity  coupling.  In  this 
scheme,  all  transmitters  emit  their  radiation  Into  a  cavity  with  an  extremely 
high  Q;  that  Is,  there  Is  minimal  absorption  loss  on  the  walls  of  the  cavity. 
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and  the  major  source  of  loss  in  the  cavity  Is  absorption  by  the  receivers 
themselves.  Ideally,  under  these  circumstances,  one  can  achieve  the  1/N 
splitting  of  the  radiation  to  the  various  receivers  while  at  the  same  time 
minimizing  the  difficulties  of  signal  Insertion  coupler  fabrication.  The 
model  that  we  used  to  analyze  this  type  of  Interconnect  Is  shown  in  Fig.  15. 

To  achieve  good  coupling  or  radiation  from  one  transmitter  to  all  possible 
receivers,  the  following  conditions  must  be  met  by  the  high  Q  cavity.  First, 
the  reflectivity  of  the  cavity  must  be  extremely  high,  approaching  one.  There 
must  be  a  region  of  the  surface  which  randomizes  the  direction  of  the  photons, 
or  else  the  photons  will  merely  establish  a  regular  bounce  pattern  within  the 
cavity.  Thirdly,  the  mean  free  path  of  photons  within  this  cavity,  <t>,  must 
be 


<i>  »  V1/3 

where  V  Is  the  volume  of  the  cavity.  This  is  to  ensure  that  photons  have  a 
high  probability  of  encountering  at  least  one  of  the  receivers. 

To  analyze  this  cavity  coupling  scheme,  we  employ  the  random  photon 
gas  model  of  Joyce. This  model  was  originally  developed  to  account  for 
radiation  distribution  in  optical  cavities  with  varying  degrees  of  loss  on  the 
surface.  Examples  of  this  are  light  emitting  diodes,  integrating  spheres,  and 
various  types  of  illumination  systems.  If  the  only  two  sources  of  loss  In  a 
high  Q  cavity  are  losses  due  to  the  absorption  of  photons  at  the  receivers, 
each  of  which  has  an  area  A,  and  loss  by  absorption  on  the  walls  of  the  cavity 
due  to  the  Imperfect  reflectivity  of  the  cavity  walls.  If  our  cavity  has  a 
volume,  V,  and  a  surface  area,  S,  the  probability  of  loss  can  be  expressed  by 
the  following  equation: 

Pta  +  (1  -  -5^)  ( 1  -  nR)  (12) 

The  mean  free  path  of  a  photon  in  the  cavity  is  defined  as: 
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<0  =  y-  •  (13) 

This  is  the  mean  distance  that  a  photon  will  travel  before  encountering  a 
surface  and  being  reflected  or  absorbed.  Most  photons  will  encounter  many 
surfaces  and  be  reflected  many  times  before  finally  being  absorbed  or  lost  to 
the  photon  population  within  the  cavity.  The  mean  distance  to  loss,  £*,  is 
given  by  the  following  expression: 


i* 


(14) 


This  quantity  describes  the  mean  distance  that  a  photon  will  travel  before  it 
is  absorbed  by  either  the  cavity  walls  or  a  receiver,  (i*)2  then  represents 
the  area  coverage  provided  by  the  cavity  coupling  from  a  randomly  located 
transmitter.  One  can  represent  the  distribution  of  intensity  of  light  from  a 
transmitter  by  the  following  equation: 


I 


(15) 


Using  the  above  definitions,  we  can  now  define  the  mean  photon 
lifetime  or  the  mean  time  that  a  photon  spends  in  bouncing  around  In  the 
cavity  before  being  absorbed.  Thus,  if  a  photon  travels  a  mean  distance,  i*, 
before  loss  and  travels  at  the  speed  of  light,  c.  Its  time  of  existence  Is 
given  by  t*. 


T* 


(16) 


If  a  transmitter  emits  a  burst  of  light  at  some  time  t  »  0,  there  will  be  a 
significant  fraction  of  this  radiation  still  traversing  the  Interior  of  the 
cavity  and  striking  detectors,  until  most  of  the  photons  have  been  absorbed. 
To  ensure  minimal  Interference  from  the  previous  pulse,  pulses  must  then  be 
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separated  by  at  least  the  time  equal  to  the  mean  photon  lifetime,  t*.  Thus, 
the  frequency  response  of  the  cavity,  fT,  is  given  by  the  following  equation: 

fT  =  1/(2*  x*)  (17) 

This  gives  the  maximum  frequency  or  bit  rate  which  can  be  transmitted  In  such 
a  cavity.  Clearly,  within  the  constraints  of  this  frequency  response  or 
reverberation  time,  a  high  Q  cavity  will  split  the  radiation  from  any  trans¬ 
mitter  equally  between  the  various  receivers.  If  the  reflection  of  the  cavity 
walls  are  the  major  source  of  loss,  the  Insertion  loss  in  this  situation  is 
given  by  the  ratio  of  the  number  of  photons  that  are  absorbed  by  detectors  to 
the  number  of  photons  that  are  absorbed  on  the  cavity  walls.  This  is  given  by 
the  quantity  Rc. 


Rc =  s  -  na cr-^y 


(18) 


This  insertion  loss  is  a  very  large  number  unless  the  cavity  reflectivity  is 
very  high.  Figure  16  shows  the  maximum  frequency  response  of  a  high  Q  cavity 
as  a  function  of  geometrical  factors  within  the  cavity,  calculated  for  a  10  cm 
cavity.  Also  plotted  is  the  mean  distance  before  loss  within  such  a  cavity. 
The  maximum  of  frequency  is  denoted  by  the  solid  lines,  and  the  mean  distance 
before  loss  is  denoted  by  the  dashed  lines.  It  is  clear  from  the  solid  lines 
that  In  order  to  achieve  frequencies  In  excess  of  3  GHz,  It  will  be  necessary 
to  have  substantial  losses  In  the  walls  of  the  cavity.  That  Is  to  say  the 
reflectivity  must  be  less  than  95%.  Furthermore,  the  cavity  must  have  a 
height  to  width  ratio  of  greater  than  1:10.  Thus,  In  order  to  achieve  a  high 
data  rate  within  the  cavity.  It  will  be  necessary  to  minimize  the  distance 
that  the  photon  travels  and  the  time  that  the  photon  Is  alive  within  a 
cavity.  This  Is  accomplished  by  reducing  the  reflectivity  of  the  wall  and  by 
Increasing  the  number  of  encounters  of  the  photon  with  the  walls.  However, 
under  the  same  regime,  the  mean  distance  before  loss  In  such  a  cavity  Is  found 
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to  be  much  less  than  the  area  dimension  of  the  cavity.  For  example,  for  a 
cavity  height  of  0.1  cm  and  reflectivity  of  90%,  one  would  expect  a  frequency 
response  of  the  order  of  three  GHz.  By  the  same  token,  the  mean  distance 
before  loss  in  such  a  cavity  would  be  approximately  1  cm.  Clearly,  it  would 
not  be  possible  to  interconnect  a  chip  on  one  side  of  a  board  with  a  chip  on 
the  other  side  of  the  board  using  such  a  scheme.  Thus,  high  Q  cavity  coupling 
is  capable  of  providing  a  relatively  high  coupling  efficiency,  provided  that 
the  frequency  or  the  data  rate  desired  is  below  one  GHz.  However,  for  the 
general  problem  of  interconnecting  GaAs  Integrated  circuits,  it  appears  that 
high  Q  cavity  interconnect  is  not  suitable. 

3. 4  Receiver  Considerations 

We  have  examined  in  the  previous  sections  three  generic  optical 
coupling  approaches  for  the  Interconnection  of  integrated  circuits.  Of  the 
three,  only  one  high  Q  cavity  coupling  appears  not  to  be  a  reasonable  inter¬ 
connect  scheme  for  GaAs  integrated  circuits  due  to  the  limited  frequency 
response  Inherent  with  that  coupling  scheme.  In  order  to  evaluate  the  suit¬ 
ability  of  broadcast  and  guided  wave  Interconnect  for  the  majority  of  the 
applications,  we  will  now  analyze  the  performance  of  state-of-the-art  GaAs 
based  optical  receivers.  The  most  Important  parameter  to  determine  the 
suitability  of  any  portion  of  an  optically  interconnected  system,  it  is  the 
signal -to-noise  ratio  of  the  receiver.  For  detector  with  quantum  efficiency, 
n,  operating  at  a  gain,  M,  the  optical  signal  current  is  given  by(^) 


I 


P 


(19) 


For  PIN  detector,  M  *  1,  and  for  an  avalanche  photodiode  M  can  range  from 
anywhere  from  1  to  90  In  the  GaAs  technology.  A  typical  value  for  the  quantum 
efficiency  is  90%. 
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The  avalanche  multiplication  process  that  multiplies  the  generated 
signal  current  also  affects  the  noise  generated  in  the  photodiode.  In  addi¬ 
tion  to  multiplying  the  noise  currents  by  M,  most  avalanche  photodiodes  are 
found  to  generate  an  excess  noise  which  is  generally  characterized  by  an 
excess  noise  ratio,  Fp.  For  GaAs  photodiodes,  Fp  is  equal  to  M0*7.  The  well 
known  expression  for  the  square  of  the  noise  currents  is  given  by  the 
following  equation:^*) 


I*  -  8  (!p  +  Id)  M2+Xn  +  4  KT/R 


(20) 


Thus  we  can  define  the  signal -to-noi se  ratio  as  I2/I2,  and  this  is  given  by 

/ail  P  n 

the  following  equation 


S 

N 


( 


q  nPM 


B(!p  +  Id)  M2+xn  + 


-m 

w 


(21) 


For  a  typical  APD  receiver,  the  bandwidth,  B,  is  determined  by  ( 1/2-n)  (R  C)"1 
where  R  is  the  input  resistance  of  the  amplifier  and  Cn  is  the  total  input 
capacitance  of  the  receiver.  The  effective  noise  current  of  the  receiver  is 
predicted  to  vary  as  a  =  (1  +  8  x  10-*2)  B.  Typical  input  capacitance  of  a 
GaAs  monolithic  receiver  Is  expected  to  be  on  the  order  of  0.5  pF.  In  the 
calculations  that  follow,  R  Is  varied  to  result  in  the  required  bandwidth. 
Typical  leakage  currents,  Id,  for  GaAs  detectors  vary  In  the  range  from  10"^  A 
to  10’12  A. 

The  minimum  exceptable  signal -to-noi se  ratio  for  most  applications  Is 
a  signal -to-noi se  ratio  of  one.  For  most  practical  systems  applications,  a 
signal -to-noi se  ratio  of  10  or  100  Is  more  likely  required.  We  calculate  the 
minimum  power  required  as  a  function  of  the  bandwidth  to  achieve  a  signal -to- 
noi  se  ratio  of  1  and  100.  These  are  shown  In  the  next  two  figures  for  a 
variety  of  values  of  the  gain,  M.  Note  that  for  a  signal -to-noi se  ratio  of 
one,  the  minimum  average  optical  power  necessary  to  achieve  a  signal -to-noi se 
ratio  of  one  occurs  at  a  gain  of  approximately  forty.  Furthermore,  It  is 
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observed  that  the  minimum  optical  power  increases  as  the  square  of  the  band¬ 
width  for  all  values  of  gain.  At  frequencies  above  three  GHz,  a  minimum 
optical  receiver  power  of  ~45  dBm  Is  required.  For  a  signal -to-noise  ratio  of 
100,  the  minimum  optical  receive  power  is  -30  dBm  for  frequencies  above 
three  GHz. 

In  Figs.  17  and  18,  we  show  the  maximum  optical  power  coupled  into  a 
detector  for  guided  wave  interconnect  and  broadcast  interconnect.  In  these 
calculations,  we  assume  that  the  transmitter  emits  one  milliwatt  of  power  and 
that  the  coupling  efficiency  into  the  guided  wave  distribution  network  Is 
three  dB.  We  further  assume  that  the  losses  In  the  guided  wave  interconnect 
are  minimal  and  that  the  number  of  ports  Is  a  variable.  We  also  examine  the 
case  of  a  detector  which  subtends  an  area  of  10”4  cm2  and  10"2  cm2  to  evaluate 
the  state-of-the-art  of  broadcast  interconnect.  The  results  of  the  Figs.  17 
and  18  show  clearly  that  broadcast  interconnect  is  impractical  for  most  systems 
applications  unless  a  detector  can  be  fabricated  with  an  area  of  10"2  cm2. 
However,  a  detector  as  large  as  10-2  cm2  is  a  factor  of  ten  larger  than 
typical  bonding  pads  in  present  day  GaAs  Integrated  circuits  and  thus  will 
utilize  a  large  fraction  of  the  available  Integrated  circuit  area,  unless  it 
can  be  Incorporated  on  the  bottom  of  the  chip.  On  the  other  hand,  guided  wave 
interconnect  appears  to  be  more  than  satisfactory  for  any  reasonable  number  of 
ports  up  to  the  highest  frequencies  examined.  We  would  thus  conclude  that  the 
most  likely  interconnect  scheme  for  GaAs  Integrated  circuits  would  entail  the 
use  of  guided  wave  interconnect. 
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4.0  INTEGRATED  TRANSMITTER  AND  RECEIVER  DESIGNS 

Several  factors  must  be  considered  in  the  design  of  an  integrated 
transmitter/recel ver  port  to  be  monol ithically  Integrated  with  a  GaAs  inte¬ 
grated  circuit.  For  the  transmitter,  these  Include  threshold  current,  output 
power,  heat  sinking  and  optical  coupling.  For  the  receiver,  they  are  signal  - 
to-nolse  ratio,  sensitivity  and  optical  coupling.  In  the  previous  section,  we 
have  investigated  three  generic  techniques  for  optical  coupling  of  integrated 
circuits.  At  the  data  rates  considered  most  reasonable  for  GaAs  integrated 
circuits,  only  guided  wave  interconnect  is  feasible  for  long  distances. 
Broadcast  interconnect  appears  to  be  suitable  for  interconnection  of  ports  on 
a  single  chip. 

4.1  Laser  Structure  Design 

The  two  primary  considerations  in  the  choice  of  a  design  for  the 
laser  structure  to  be  used  for  a  transmitter  port  are  threshold  current  and 
optical  coupling.  Also  of  importance  is  the  suitability  of  a  particular 
structure  for  integration  with  integrated  circuits.  In  this  section,  we 
considered  two  basic  types  of  laser  structures  --  planar  structures  and 
epitaxial  structures.  Planar  structures  refer  to  laser  designs  which  can  be 
incorporated  on  the  same  surface  of  a  wafer  as  integrated  circuits.  These 
structures  are  formed  by  processing  subsequent  to  epitaxial  growth  of  the 
lasers.  Epitaxial  structures  are  intended  to  include  three  dimensional 
structures  grown  by  one  or  more  epitaxial  growths  in  which  the  light  is  guided 
parallel  to  the  junction  by  a  real  index  variation.  The  burled  hetero¬ 
structure  is  an  example  of  an  epitaxial  structure.  We  will  investigate 
geometrical  factors  in  the  fabrication  of  these  devices  and  will  determine 
from  them  the  optimal  size  for  a  laser  transmitter,  based  on  known  dependences 
of  threshold  current  for  the  various  structures. 
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Planar  Structures 

The  three  most  widely  used  planar  structures  for  the  fabrication  of 
double  heterostructure  lasers  are  the  diffused  stripe  laser,  the  oxide  or 
proton  bombarded  stripe  laser,  and  the  TJS  laser.  Of  these  structures,  only 
the  narrow  diffused  stripe  laser^)  and  the  TJS  1aser(7)  appear  to  be  suitable 
for  the  low  threshold  requirements  of  an  integrated  transmitter.  The  TJS 
laser  has  the  advantage  that  both  contacts  are  easily  accessible  on  the  top 
surface  of  the  device  which  makes  it  ideally  suited  for  planar  integration 
with  integrated  circuits.  However,  this  laser  appears  to  be  very  dependent 
upon  the  precise  diffusion  profile  and  doping  level  of  the  various  layers  to 
achieve  the  low  thresholds  which  have  been  reported  for  it.  The  narrow 
diffused  stripe  laser  is  far  less  sensitive  to  growth  parameters  and  diffusion 
profile  but  requires  the  extra  processing  steps  necessary  to  make  contact  with 
n+  contacting  layer. 

The  TJS  laser  has  been  developed  very  successfully  by  workers  at 
Mitsubishi who  have  reported  thresholds  as  low  as  15  mA.  The  critical 
parameters  in  the  structure  are  the  length  of  the  device,  the  width  of  the 
active  region,  and  the  near  junction  doping  profile.  The  latter  two  are 
closely  Interrelated,  as  analysis  shows  that  the  low  threshold  operation  of 
the  TJS  laser  Is  very  strongly  dependent  on  the  guiding  of  the  light  in  the 
direction  parallel  to  the  epitaxial  layers.  As  a  result,  the  primary 
parameter  that  one  can  vary  with  the  TJS  is  the  length  of  the  device.  If  we 
use  the  optimized  values  for  layer  thickness  and  doping  profile  reported  in 
the  literature,  we  find  that  the  threshold  current  can  be  varied  from  9  mA  to 
20  mA  by  varying  the  length  of  the  device  from  50  ym  to  250  um.  100  urn  is 
considered  the  acceptable  upper  limit  for  the  length  of  a  device  to  be 
Incorporated  as  a  transmitter  port  on  a  complex  IC. 

The  narrow  diffused  stripe  laser  shows  relatively  little  dependence 
of  the  threshold  current  upon  stripe  width. Figure  19  shows  a  set  of  L-I 
characteristics  for  2,  4,  and  0  urn  stripe  width  NOS  lasers  fabricated  at 
Rockwell.  Note  the  small  difference  in  threshold  currents.  This  presumably 
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results  from  spreading  of  the  carrier  distribution  once  the  current  is 
injected  into  the  p-region  near  the  active  region  of  the  device  but  may  also 
result  from  the  very  weak  guiding  which  occurs  In  this  device.  Also  shown  in 
that  figure  is  the  dependence  of  the  laser  threshold  upon  device  length  for  a 
device  with  an  optimized  active  layer  thickness.  Based  on  these  data  and  a 
square  root  dependence  of  the  threshold  current  on  device  length,  we  would 
anticipate  that  devices  In  the  range  of  50  pm  to  100  pm  long  would  have 
thresholds  in  the  range  of  13.5  mA  to  19.0  mA  (see  Fig.  20). 

Epitaxial  Structures 

The  generic  epitaxial  structure  to  be  considered  here  is  the  buried 
heterostructure.  A  variety  of  forms  of  this  device  structure  have  been 
fabricated  which  use  advanced  epitaxial  technologies.  For  our  purposes,  we 
consider  a  device  structure  that  Is  suitable  not  only  for  low  threshold  but  is 
also  suitable  for  incorporation  into  a  grating  feedback  laser  structure.  The 
structure  that  we  consider  is  shown  in  Fig.  21.  This  device  utilizes  a  very 
thin  active  region  with  an  asymmetrical  cavity,  so  that  the  light  generated  in 
the  active  region  spreads  into  the  adjoining  GaAlAs  layer  with  lower  A1 
composition.  The  majority  of  the  optical  wave  travels  In  the  GaAlAs  waveguide 
and  suffers  little  attenuation.  At  the  same  time,  the  guiding  induced  by  the 
overgrowth  of  epitaxial  layers  confines  the  light  in  the  direction  parallel  to 
the  junction,  so  that  a  well  defined  optical  power  distribution  is  emitted 
from  the  cavity.  Several  devices  of  this  type  have  been  reported  in  the 
literature.  However,  at  the  present  time,  few  data  exist  on  the  optimization 
of  these  devices  for  Incorporation  Into  a  transmitter.  As  a  result,  we 
extrapolate  these  data  from  other  device  structures  and  assume  that  It  Is 
valid  for  the  case  of  a  burled  heterostructure.  Chlnone,  et  al,(15>)  first 
reported  a  burled  heterostructure  of  this  type  with  the  laser  threshold  as  low 
as  30  mA  for  a  5  urn  wide  stripe  and  300  pm  long.  However,  Yarlv  and 
coworkers^6)  have  reported  an  epitaxial  burled  heterostructure  device  with  a 
threshold  as  low  as  9  mA  for  a  2  pm  wide  stripe.  Based  on  these  data,  we  will 
assume  that  the  laser  threshold  varies  linearly  with  stripe  width  and  as  the 
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square  root  of  the  length.  Under  these  assumptions,  it  appears  possible  to 
fabricate  a  laser  with  a  threshold  current  as  low  as  three  to  four  mA  that 
utilizes  a  buried  heterostructure  design.  This  Is  clearly  a  much  lower  thres¬ 
hold  than  is  achievable  by  any  other  design  and  illustrates  the  advantages  of 
such  a  complex  epitaxial  structure.  On  the  other  hand,  it  is  difficult  to 
Incorporate  such  a  structure  onto  the  top  surface  of  an  Integrated  circuit. 

The  device  requires  at  least  two  layers  of  epitaxial  growth  and  requires 
relatively  fine  processing  between  the  growth  of  the  layers. 

4.2  Mirror  Fabrication  Techniques 

The  incorporation  of  lasers  Into  complex  integrated  circuitry  will 
require  the  use  of  an  optical  feedback  structure  other  than  cleaved  mirrors. 
Several  alternatives  to  cleaved  mirrors  have  been  Investigated.  The  two 
approaches  which  seem  to  provide  the  most  promise  for  large  scale  Integrated 
circuit  processing  are  the  etched  mirror  laser  and  the  distributed  feedback 
laser.  The  etched  mirror  Is  essentially  a  Fabry-Perot  mirror  laser  In  which 
the  mirrors  are  formed  by  chemical  or  dry  etching  processes  rather  than 
cleaving.  Included  in  this  category  Is  a  recently  described  micro-cleaved 
mirror  In  which  cantilever  sections  of  lasers  are  formed  and  then  cleaved  by 
ultrasonic  agitation  to  form  cleaved  mirrors  on  the  wafer. 

A  number  of  studies  on  the  etching  of  semiconductor  laser  mirrors  has 
been  performed.  For  the  purposes  of  this  report,  it  is  Important  to  note  that 
In  general  these  device  structures  closely  approach  the  performance  of  cleaved 
mirror  lasers.  For  example.  Table  I  shows  the  performance  achieved  for  a 
variety  of  etched  mirror  approaches  In  the  GalnAsP  system  as  well  as  In  the 
GalnP  system.  On  the  basis  of  this  work,  we  would  conclude  that  etched 
mirrors  are  capable  of  yielding  laser  thresholds  within  20  to  30%  of  the 
etched  mirror  values.  The  primary  cause  of  this  difference  is  nonplanarity  of 
the  laser  mirrors  due  to  preferential  chemical  etching  and  roughness  of  the 
mirror  surface  due  to  nonuniform  etching.  These  two  factors  contribute 
approximately  equally  to  Increase  In  threshold  observed  for  chemically  and  dry 
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etched  mirrors.  With  the  chemically  etched  mirror.  It  should  be  possible  to 
fabricate  lasers  of  essentially  any  length,  from  50  um  up  to  any  standard 
value. 


Table  I 

Comparison  of  Etched  Mirror  Lasers 


Material /Technique 

.(etched) .  .(cleave) 
Jth  /Jth 

etched,  cleaved 
ndiff  /ndiff 

Ref. 

GaAl As/GaAs 

Wet  Chemical  Etching 

1.3-1. 5 

0.25 

42 

GalnAsP/InP 

Wet  Chemical  Etching 

1.3-1. 5 

0.66 

43 

1.1 

0.80 

44 

GalnAsP/InP 

Reactive  Ion  Etching 

1. 1-2.0 

0.80 

45 

The  second  alternative  to  a  cleaved  mirror  laser  is  generlcally 
referred  to  as  the  distributed  feedback  laser. (46-57)  Two  examples  of  a 
distributed  feedback  laser  are  shown  In  Fig.  22.  Here,  the  optical  feedback 
Is  provided  by  a  grating  that  Is  Incorporated  into  the  optical  cavity  of  the 
device.  To  understand  the  operation  of  a  grating  In  a  semiconductor  laser, 
consider  part  b  of  Fig.  22.  Here  we  show  the  propagation  of  an  optical  wave 
through  a  waveguide  containing  a  corregated  interface.  Assume  that  the  scale 
of  the  corregatlons  Is  appropriate  for  high  efficiency  feedback  of  the  optical 
wave.  At  each  corregatlon,  some  small  fraction  of  the  wave  Is  reflected  due 
to  the  nonplanarity  of  the  Interface  and  effective  spatlcal  variation  of  the 
refractive  Index.  If  the  period  of  these  reflections  is  appropriate,  the 
reflected  waves  constructively  Interfere  and  add  In  phase  and  propagate  In  the 
opposite  direction.  This  physical  argument  accounts  for  Eq.  (22)  which 
specified  the  phase  matching  condition.^6) 
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A  =  —  (22) 

2n 

where  A  is  the  grating  period,  xb  is  the  free  space  wavelength,  and  n  is  the 
average  index  of  refraction.  The  usual  analysis  to  describe  the  behavior  of  a 
distributed  feedback  device  uses  a  coupled  mode  analysis  and  considers  the 
coupling  between  a  backward  and  forward  propagating  electromagnetic  wave  due  to 
the  presence  of  a  periodic  variation  of  the  refractive  index.  The  relevant 
parameters  that  are  determined  from  this  analysis  are  the  feedback  coupling 
coefficient,  <,  which  is  a  measure  of  the  fractional  reflection  of  the  propa¬ 
gating  wave  due  to  the  periodic  index  variation,  and  the  loss  coefficient,  a, 
due  to  refraction  of  waves  out  of  the  cavity.  These  quantities  are  determined 
for  a  periodic  variation  of  the  index  as  shown  in  Fig.  23.  The  analytical 
expression  for  the  coupling  coefficient  is  given  in  the  following  equation : (46) 

K*  *  k0C-*( n3  -  ni)  (23) 

The  parameters  shown  in  this  equation  are  defined  as  follows.  kQ  Is  the 
undisturbed  propagation  constant  of  the  radiation  in  waveguide.  C_l  is  the 
Fourier  coefficient  of  the  4th  order  Fourier  component  of  the  refractive  index 
variation,  and  n  is  the  fraction  of  the  unperturbed  field  that  is  contained  In 
the  corregated  portion  of  the  waveguide.  This  expression  must  be  evaluated  for 
a  particular  waveguide  configuration  and  spatial  dependence  of  the  index  of 
refraction.  The  coupling  constant  for  first,  second,  and  third  order  gratings 
are  calculated  for  the  waveguide  shown  in  Fig.  23.  The  active  region  of  the 
guide  Is  chosen  1  pm  thick  because  the  laser  design  will  be  of  a  large  optical 
cavity  design  in  which  the  majority  of  the  radiation  Is  propagating  In  a  passive 
GaAlAs  waveguide  region.  As  can  be  seen  from  this  figure,  there  Is  large 
difference  In  the  distributed  feedback  coupling  constant  at  a  given  grating 
height  between  the  first,  second,  and  third  order  gratings.  In  addition  to 
reflecting  the  radiation  less  efficiently  than  the  first  order  grating,  higher 
order  gratings  also  radiate  light  from  the  guide  owing  to  lower  order  Bragg 
scattering.  The  angle  at  which  radiation  Is  emitted  is  given  by(*7) 
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sin  0  =  2  (m/i)  -  1  (24) 

where  i  is  the  order  of  the  grating  and  m  Is  an  integer  that  can  assume  any 
value  from  0  to  l.  The  possible  scattering  angles  for  a  first,  second,  and 
third  order  grating  are  shown  in  Table  II. 

Table  II 


Order 

Scattering  Angles 

1 

0, 

180 

2 

0, 

90,  180 

3 

0, 

70,  110,  180 

Even  order  gratings  can  scatter  light  perpendicular  to  the  wave  guide  plane. 

The  radiation  loss  constant  for  first  order  Bragg  scattering  can  be 
calculated  for  the  grating  of  Fig.  23  from^®) 


,(ka)2 


a=^V"l2  “nm2)(nl  _n2> 

eff  m 


(25) 


This  Is  shown  in  Fig.  24  for  a  second  order  grating.  Note  that  for  a  grating 
period  of  2450  A,  the  Bragg  period,  the  loss  coefficient  is  3.6  cm-1. 

Bragg  reflection  and  scattering  can  be  used  to  feed  back  and  couple 
radiation  from  a  DFB  or  DBR  laser.  The  reflectivity  of  a  grating  section  of 
length  L  can  be  calculated  from 


sinh  [( 


a  sinh[(<2  +  u2)1/2L] 


+  a' 


(k2  +  u2)1/ZC0Sh[(<2  +  U2)1/ZL] 


(26) 


for  a  first  order  grating  o  -  0.  For  a  second  order  grating,  a  »  3.6  cm"*  for  a 
1000  A  deep  grating  at  the  Bragg  period. 
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The  Importance  of  this  difference  In  the  design  of  a  laser  for  use  In 
an  Integrated  circuit  Is  demonstrated  in  the  reflectivity  of  a  passive  grating 
reflector  of  the  type  used  In  a  DBR  laser.  This  Is  illustrated  In  Fig.  25, 
where  we  show  the  dependence  of  the  length  of  grating  necessary  to  achieve  50% 
of  the  maximum  reflectivity  for  first  and  second  order  gratings.  The  calcu¬ 
lation  for  the  second  order  grating  Include  the  effect  of  first  order  radiation 
loss.  This  limits  the  maximum  reflectivity  of  the  second  order  grating  to  * 

50%.  To  achieve  a  reflectivity  of  50%  in  a  practical  size  grating  (<50  urn),  it 
will  be  necessary  to  use  a  first  order  grating.  A  second  order  grating  can  only 
be  used  in  the  case  where  coupling  of  the  radiation  perpendicular  to  the  plane 
of  the  laser  is  required.  Two  things  are  apparent  from  this  figure.  First,  the 
first  order  grating  Is  considerably  more  efficient  as  a  reflector  than  the 
second  order  grating  at  a  given  grating  depth.  This  is  demonstrated  by  the 
shorter  grating  length  necessary  to  achieve  a  certain  reflectivity.  Second,  the 
grating  depth  for  either  grating  must  be  comparable  to  the  period  for  a 
reflector  with  length  less  than  400  um  to  be  constructed.  To  achieve  a 
reflectivity  of  50%  In  a  practical  size  grating  (<50  pm),  it  will  be  necessary 
to  use  a  first  order  grating.  A  second  order  grating  can  only  be  used  in  cases 
where  coupling  of  the  radiation  perpendicular  to  the  plane  of  the  laser  is 
required. 

The  use  of  a  distributed  feedback  structure  alters  the  threshold 
condition  for  a  laser.  In  a  DBR,  the  facet  reflectivity  Is  replaced  grating 
reflectivity  per  Eq.  (26).  The  threshold  condition  for  a  DFB  laser  must  take 
Into  account  the  distributed  nature  of  the  feedback  mechanism  and  any  loss  from 
radiation  by  the  grating.  The  threshold  conditions  for  a  distributed  feedback 
laser  are  described  below. (53) 


exP[r(gth  -  6th  -  »fc)l] 
r2(gth  -  Gth  -  afc)2  +  4  6q2 


6qL  -  (q  -  1/2). 


(27) 


58 

C3912A/es 


Rockwell  International 


MRDC41 072 . 1 FR 


Fig.  25a 


MRDC82-16595 


I  ! 

CO  . 

O  (■ 

—■  4.5  L 

in  H  3  t  ' 


(a) 

FIRST  ORDER 


3.0  K 


\X10 


1.5  r- 


Fig.  25b 


0.4  0.6  0.8  1.0 

GRATING  DEPTH  (1000A) 


—  3.0  f— 
in  : 

CM  h 


(b) 

SECOND  ORDER 


u!  2.0  r 


Z  io 


S  X10 
s 

s 

\ 


0.8  1.2  1.6  2.0 
GRATING  DEPTH  (1000A) 


Rockwell  International 


MRDC41072.1FR 


gth  is  the  gain  at  threshold,  is  the  gain  needed  to  overcome  losses  external 
to  the  active  region,  ap^  is  the  loss  in  the  active  region,  and  r  is  the  mode 
confinement  factor.  Since  the  reflectivity  is  a  distributed  parameter,  it  is 
coupled  with  the  distributed  losses  to  describe  the  gain  in  threshold  condition. 
Note  that  this  assumes  an  infinitely  long  laser  structure  or  a  laser  with 
perfect  anti  reflection  coatings  on  the  surface  of  the  device.  To  achieve  low 
threshold  operation  of  a  distributed  feedback  laser,  it  will  be  necessary  to 
fabricate  very  high  aspect  ratio  gratings  in  either  the  first  or  second 
order.  This  requires  then  that  gratings  with  periods  that  range  from  1700  to 
2450  A  must  be  fabricated  which  have  depths  in  excess  of  500  A.  At  present, 
this  is  a  difficult  task  to  achieve.  However,  in  view  of  the  potential  of  DFB 
lasers  to  allow  perpendicular  coupling  of  the  light  from  the  laser,  the 
benefits  for  coupling  light  Into  waveguides  and  other  optical  cavities  is 
great,  and  as  a  result  the  DFB  laser  is  a  viable  device. 

4.3  Light  Coupling 

The  crucial  aspect  of  the  transmitter  for  application  to  an  inter¬ 
connect  scheme  is  the  coupling  of  the  light  into  the  optical  distribution 
system.  The  present  study  has  indicated  that  it  will  be  required  to  use 
either  etched  mirror  or  distributed  feedback  lasers  to  enable  the  fabrication 
of  the  lasers  on  any  portion  of  an  IC  wafer.  For  coupling  into  either  a 
guided  wave  optical  distribution  system  or  broadcast  distribution  system,  it 
should  be  possible  to  accommodate  either  an  edge  coupled  geometry  or  a  perpen¬ 
dicular  coupled  geometry.  The  Fabry-Perot  laser  Is  most  suitable  for  edge 
coupling,  since  the  light  Is  emitted  in  a  direction  parallel  to  the  junction 
plane,  and  the  feedback  plane  Is  perpendicular  to  this  direction  of  plane.  On 
the  other  hand,  the  distributed  feedback  and  distributed  Bragg  laser  are 
suitable  for  perpendicular  coupling  or  edge  coupling  geometry.. 

The  edge  coupling  possibility  Is  most  Interesting  because  of  the 
availability  of  an  accurate  alignment  technology  for  fibers  using 
preferentially  etched  groves  In  SI  substrates.  This  allows  accurate  allgment 
of  the  fibers  to  the  lasers  or  detectors  on  the  edge  of  the  substrate. 

Coupling  has  the  disadvantage  of  removing  transmitter  and  receiver  positioning 
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flexibility  when  the  lasers  and  detectors  are  mounted  on  the  top  surface  of 
the  I.C.  chip.  As  a  result,  edge  coupling  is  best  implemented  if  the 
transmitters  and  receivers  are  mounted  on  the  bottom  side  of  the  chip  as  shown 
in  Fig.  26.  To  accomplish  this  will  require  the  development  of  an  electrical 
via  technology  that  allows  high  resolution  deep  vias  to  be  fabricated  in 
GaAsIC  wafers.  Potential  methods  for  forming  these  vias  are  laser 
drilling^58)  and  reactive  ion  etching.  Backside  processing  has  the  following 
advantages: 

1)  It  allows  optimized  processing  for  the  electronic  and  optical 
devices. 

2)  It  improves  the  heatsinking  of  the  optical  devices 

3)  It  reduces  optical -electronic  device  interaction 

4)  It  promotes  higher  yield  in  that  redundancy  can  be  built  into 
the  optical  devices. 

These  advantages  make  backside  processing  attractive  regardless  of  the 
coupling  scheme. 

4.4  Transmitter  Drive  Design 

A  high  data  rate  driver  for  the  GaAlAs/GaAs  laser  can  be  designed 
around  GaAs  FET  and  TELD.  Figure  27  Illustrates  three  simple  drivers  for  a 
low  threshold  GaAs  laser.  Figure  27a  shows  a  TELD  connected  In  series  with 
the  laser.  When  the  gate  of  the  TELD  Is  pulsed,  the  driver  moves  from  the 
quiescent  operating  point  (1)  to  operating  point  (2).  The  laser  which  is 
biased  above  threshold  at  (1)  Is  turned  off  by  this  change  In  bias  point. 

Thus,  the  laser  produces  a  zero  pulse  for  a  negative  going  gate  pulse.  The 
duration  of  the  pulse  Is  the  transit  time  of  the  Gunn  domain  in  the  device. 

The  transmitter  In  Fig.  27b  and  Fig.  27c  can  be  operated  in  either  a  positive 
or  negative  logic  configuration  depending  on  whether  the  drive  FET  is  a 
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depletion  mode  device  or  an  enhancement  mode  device.  The  logic  pulse  Is 
applied  directly  to  the  FET  gate,  and  no  discrimination  is  used.  In  Fig.  27c, 
the  pulse  must  be  enough  to  trigger  a  domain  in  the  TELD. 

The  design  of  the  elements  for  these  transmitters  depends  upon  the 
characteristics  of  the  laser.  Based  on  the  analysis  of  Section  4.1,  we  assume 
an  optimized  laser  with  the  following  characteristics: 


nd1ff  =  3W/facet 

The  operating  power  is  one  mW.  Thus,  the  modulation  current  is  two  to  three 
mA. 

TELD  Transmitter 

The  design  of  the  TELD  (shown  In  Fig.  28)  is  determined  by  the  laser 
characteristics  and  the  propert.-’s  of  Gunn  devices. 

The  anode-to-cathode  separation  for  the  TELD  is  determined  by  the 
desired  duration  for  the  current  pulses.  For  a  transmitter  designed  for 
operation  at  a  bit  rate  B,  the  current  pulse  duration  ip  should  satisfy 

Tp  <  1/B  .  (28) 

In  this  example,  we  chose  B  =  4  Gb/s,  so  xp  <  250  ps.  To  provide  50  ps 

margins  for  turn  on  and  turn  off  of  the  TELD,  the  design  assumes  a  value  of  xp 

-  150  ps.  Since 

d  -  10;  xp  (cm)  ,  (29) 

with  Tp  In  seconds,  then  In  this  case  d  ■  15  urn.  The  threshold  voltage  can  be 

calculated  from 
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Vt  =  Etd  ,  (30) 

where  is  the  threshold  electric  field.  With  Et  *  3300  V/cm  In  GaAs  then 
Vt  =  5  volts  In  the  case  considered. 

The  doping  level  and  dimensions  of  the  active  region  affect  the 
formation  and  stability  of  dipole  domains  and  determine  amplitude  of  the 
current  pulses  as  well  as  the  average  (dc)  power  dissipation.  It  has  been 
determined  from  studies  of  planar  TELD  oscillators  that,  to  ensure  full  domain 
formation  and  propagation,  the  product  of  carrier  concentration  n  and  length  d 
of  the  active  region  should  satisfy  the  relation. 

nd  >  1013  cm*2  (31) 

while  the  product  of  n  and  the  thickness  t  of  the  active  layer  should  satisfy 

nt  >  1012  cm-2  (32) 


The  influence  of  the  dimension  of  the  active  layer  on  the  series  resistance  R$ 
of  the  device  Is  given  by  the  relation 


R 


-  1 
S  “  eynwt 


(33) 


when  e  Is  the  electronic  charge  {»  1.6  x  10*^  C),  y  Is  the  carrier  mobility, 
t  Is  the  layer  thickness,  and  w  is  the  channel  width.  The  dc  current  for  bias 
near  the  threshold  Is  then  given  by 

euntw\L 

1^  ®  — •  -j —  -  *  euntwE^  .  (34) 


Substituting  numerical  values  Into  this  equation,  Et  -  3300  V/cm  for  gallium 
arsenide  and  y  ~  6700  cm2/V-$  (typical  for  high-quality  epitaxial  layers  In 
gallium  arsenide)  gives 


It  -  3.5  x  10'12  ntw 


(35) 
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Using  the  design  values  of 

n  =  2  x  1016/cm3 
t  =  1  x  10"4  cm 

w  =  10  jam 

it  follows  from  the  preceding  equation  that 

It  =  7  mA 

Assuming  a  50%  drop  in  current  when  a  domain  is  produced,  the  change  in 
current  is 


aIjelo  =  0.5  1^  =  3.5  mA  .  (36) 

Note  that  In  this  example 

nd  =  3  x  1013  cm_2 
nt  =  2  x  10*3  cm‘2 

The  choice  of  electrode  materials  Is  dictated  by  the  desire  to  obtain 
stable  operation  under  dc-blased  conditions.  The  normal  procedure  would  be  to 
use  ohmic  electrodes  for  both  anode  and  cathode,  but  experience  with  TELD 
devices  has  shown  that  better  dc-blas  performance  Is  obtained  with  a  Schottky 
barrier  anode,  due  to  hole  Injection  at  the  anode.  Thus,  It  Is  expected  that 
best  performance  for  the  photodetector  will  be  obtained  with  an  ohmic  contact, 
such  as  Au-Ge,  at  the  cathode  and  a  Schottky  barrier  contact,  such  as  A1 ,  for 
the  anode  and  trigger  electrodes. 

With  these  design  parameters,  the  area  taken  by  the  TELD  Transmitter 
Is  approximately 
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At  *  Al  *  Ad  ♦  A,  (37) 

where  AL  Is  the  laser  area,  AQ  Is  the  driver  area,  and  A^  Is  the  area 
necessary  for  metallization.  If  we  wish  Ay  to  be  less  than  10"^  cm-2, 

Ap  -  10  pm  x  2.5  pm  =  2.5  x  10"®  cm2,  and  Aj_  =  50  pm  x  20  pm  =  10"^  cm2,  A^ 
can  be  as  large  as  8  x  10"^  cm2.  Clearly,  a  compact  transmitter  can  be 
fabricated  using  the  design  criterion  above. 

FET  Transmitter 

The  FET  is  also  a  three-terminal  device,  but  unlike  the  TELD  it  has  a 
dependence  of  output  current  on  input  voltage  which  is  approximately  linear 
over  a  fairly  wide  operating  range.  The  three  terminals  are  designated 
source,  gate,  and  drain,  as  Indicated  In  Fig.  29.  In  gallium  arsenide,  the 
electrodes  are  fabricated  on  a  thin  n-type  layer,  with  ohmic  contacts  for 
source  and  drain  and  a  Schottky  barrier  for  the  gate.  When  a  bias  voltage  is 
applied  between  source  and  drain,  a  current  flows  through  the  n-type  layer. 

The  source-to-gate  bias  controls  the  source-to-draln  current  by  regulating  the 
thickness  of  the  depletion  layer  under  the  Schottky  gate  electrode.  No 
current  flows  In  the  depletion  layer,  so  that  increasing  the  negative  gate 
bias  decreases  the  drain  current.  The  current  is  completely  shut  off  for  a 
negative  gate  voltage  large  enough  to  completely  deplete  the  layer  under  the 
gate.  This  voltage  Is  known  as  the  "pinch  off"  voltage,  Vpo.  For  zero 
applied  gate  voltage,  the  region  under  the  gate  Is  partially  depleted  due  to 
the  Schottky  barrier  potential.  The  "built  In"  potential  responsible  for  the 
depletion,  Vb1,  equals  -0.8  V  In  GaAs.  This  depletion  region  disappears  for  a 
positive  gate  voltage  of  0.8  V,  In  which  case  the  source-to-drain  current 
reaches  Its  maximum,  or  saturated,  level  Isat.  This  Important  parameter  of 
the  GaAs  FET  Is  given  by 

Isat  3  nevswt  ,  (38) 

where  n  Is  the  carrier  concentration  In  the  active  layer,  e  Is  the  electronic 
charge,  v$  Is  the  electron  saturation  velocity,  w  Is  the  gate  width,  and  t  Is 
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Fig.  29 
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the  active  layer  thickness.  The  drain  current  is  given  in  terms  of  the 
applied  voltage  by 


v  +  vb< \ 

*po  *  Vb1  / 


9 


(39) 


with  Vpo  given  by 


-net2 

2e 


*  ivbii 


(40) 


where  e  Is  the  dielectric  constant  of  the  material.  The  transconductance  gm 
is  given  by 

31 

9m  =  3^7"  IsatC(Vgs  +  Vbi)(Vpo  +  Vbi^]"1/2  * 

Another  very  Important  parameter  is  the  input  capacitance  Cg$,  given  by 


{2nee)^2  i  w 

(V  ♦  V1'2 


(42) 


where  i  is  the  gate  length.  This  capacitance  determine  how  large  the  input 
Impedance  to  the  FET  can  be,  consistent  with  a  given  bandwidth. 

In  designing  the  FET  for  high-speed  operation,  it  Is  desirable  to 
maximize  the  transconductance-to-capacltance  ratio.  In  fact,  it  can  be  shown 
that 


^m^gs  *  ^sat^4  •  (4^) 

Thus,  the  gate  length  z  should  be  as  small  as  possible.  We  chose  z  =>  0.8  um, 
a  value  consistent  with  present  photolithography  capability  In  our  laboratory. 
The  active  layer  thickness  should  be  considerably  less  than  the  gate  length  to 
assure  uniform  pinch-off;  we  choose  t  -  0.20  um.  Other  parameters  consistent 
with  present  low  power  FET  design  and  fabrication  capability  are  n  *  1.5  x 
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1017/cm3  and  W  *  50  urn.  From  Eq.  (3),  using  the  value  vs  =  0.8  x  107  cm/s 
appropriate  for  GaAs,  it  follows  that 

*sat  3  ^*2  mA 

and,  with  e  =  9.7  x  10"*3  f/cm  for  GaAs, 

Vpo  =  -4.9  volts 

A  variation  in  VgS  from  -3.4  V  to  -2.8  V  gives  a  change  in  Id  from  5.0  mA  to 
7.0  mA,  or  Ald  =  2  mA.  This  should  be  adequate  to  drive  our  Injection  laser 
diode  at  high  modulation  speeds.  Values  of  the  capacitance  Cgs  for  these  two 
values  of  Vgs  are  «  0.02  pf  and  =  0.12  pf,  respectively. 

The  area  of  our  transmitters  in  the  case  above  is  give  by 

AT  =  AD  +  AL  +  Ai  (44) 

The  area  of  the  driver  is  twice  the  area  of  the  FET.  A0  =  2  x  50  un  x  15  urn  = 
1.5  x  10-5  cm2.  Thus,  the  area  available  for  Interconnect  or  FET  expansion  is 
7  x  10“5  cm2. 

TELO-FET  Transmitter 

The  combination  transmitter  of  Fig.  27c  has  the  advantage  of  provid¬ 
ing  the  appropriate  pulse  shape  to  drive  the  FET  laser.  The  TELD  must  be 
redesigned  to  accommodate  the  FET  drive.  If  the  response  time  of  the  FET  Is 
to  be  kept  much  less  than  250  ps,  then 

tQ  *  Rj  Cgs  <<  250  ps  *  25  ps  (45) 

for  Cgs  -  0.12  pf  Rx  5  200  ft. 
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The  current  drop  in  the  TELD  must  be  large  enough  to  modulate  the  FET 


AI  R1  =  AVgs 


Al  =  0.5  I 


Q¥gs  _  1.5  V 
t  R1  200  Si 


It  =  15.  mA 


Al  =  7.5  mA 


Thus,  using  the  design  criterion  for  the  TELD,  w  =  21  urn,  and  the  area  of  the 
driver  is  AQ  =  2  ApET  +  AyELD  +  Apes.  The  resistor  area  is  given  by 

R=f*  (47) 

using  the  FET  material  for  the  resistor  p/t  =  10^  n/O  ;  thus  L/w  =  0.2.  If 
w  =  50  pm,  L  =  10  pm  and  Rres  =  50  pm  {10  +  10)  pm  =  10'5  cm2.  The  area  of 
the  TELD  is  now  25  pm  x  21  pm  =  0.52  x  10"5  cm2.  Thus,  Aq  =  (0.5  +  1.5  + 

1.5)  x  10"^  cm2  =  3.5  x  10"^  cm2.  The  area  remaining  for  interconnect  is 
5  x  10“^  cm2. 

4.5  Power  Dissipation 

The  maximum  power  dissipated  by  a  transmitter  is  given  by 


PT^max(,aser>  *  ”»Mx<dri,er> 


The  maximum  power  dissipated  by  the  laser  is 


W>Mr>  ■  W»o  *  W  »s> 


for  a  junction  voltage  of  1.5  V  and  a  series  resistance  of  2 n. 
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Pmax  =  7  mA  ^*5  V  +  °*015^ 

=  10.6  mW 

For  the  TELD  driver,  the  maximum  power  dissipated 

P  =  I  V 
rTELD  ‘max  vt 

=  7  mA  x  5  V  =  35  mW 


For  the  FET  driver,  the  maximum  power  dissipated  is 

PFET  "  W  VD 

=  7  mA  x  2  V  =  14  mW 


For  the  TELD-FET  driver,  the  maximum  power  dissipated  is 

P  =  i(TELD)  y  +  .(laser)  y  +  j2  f TELD ^  R 
T-F  max  vt  ‘max  VD  ‘max  utLU'  K1 


=  75  mW  +  14  mW  +  10  mW 


(50) 


(51) 


(52) 


PT_F  =  100  mW 

From  these  examples,  the  minimum  power  dissipation  is  derived  with  the  FET 
driver  transmitter.  The  power  dissipation  is  1/2  of  that  of  the  TELD  driver 
and  1/4  that  of  the  TELD-FET  driver.  The  power  dissipation  scales  approxi¬ 
mately  linearly  with  laser  drive  current  in  all  three  cases. 

To  assess  the  Impact  of  the  transmitter  power  dissipation  on  the 
total  power,  we  consider  two  cases  of  LSI  circuits  In  GaAs  and  compare  the 
transmitter  power  dissipation  to  the  total  circuit  dissipation.  The  two  cases 
for  consideration  are  an  8  x  8  multiplier  (1000  gates)  and  an  8  bit 
microprocessor.  The  multiplier  circuit  has  been  successfully  fabricated  at 
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Rockwell.  The  microprocessor  Is  an  ongoing  goal  of  Rockwell's  research 
program.  It  is  anticipated  that  such  a  chip  will  require  10^  gates.  The 
estimated  number  of  high  speed  output  ports  for  each  of  these  chips,  is  shown 
in  Table  III  below. 


Table  III 


Projected 


No.  of  Gates 

No.  of  Output  Ports  Transmitter  Power 

Total  Power 

8x8  multiplier 

1000 

10 

250  mW  FET 

450  mW 

500  mW  TELD 

700  mW 

1150  mW  TELD  - 

■  FET 

1350  mW 

Microprocessor 

10,000 

24 

600  mW  FET 

20.6  2  W 

8  data 

1200  mW  TELD 

21.2  W 

12  address 

2760  mW  TELD  -  FET 

22.76  W 

4  control 

In  Table  III,  we  have  used  projected  values  for  the  gate  power 
mW/gate  dissipation  of  200  um/gate.  At  present,  the  power  dissipation  is  of 
the  order  0. 5-1.0  mW/gate.  For  projected  chips  of  VLSI  complexity,  there  is 
no  severe  penalty  placed  on  the  chip,  on  the  average,  to  use  optical 
interconnct,  in  that  the  power  dissipated  in  the  optical  transmitter  is  far 
less  than  that  dissipated  on  the  chip.  On  the  other  hand,  for  chips  of  LSI 
complexity,  the  output  part  count  and  total  power  dissipation  caused  by  using 
optical  Interconnct  do  not  seem  to  justify  the  use  of  optical  interconnect 
unless  fanout  per  port  Is  large.  In  this  case  the  low  drive  penalty  paid  for 
relatively  large  fanout  is  In  the  favor  of  optical  Interconnect. 

A  final  consideration  with  regard  to  power  dissipation  is  the 
junction  temperature  experienced  by  the  laser  owning  to  local  power 
dissipation.  The  thermal  resistance  of  a  junction  up  (or  topside  mounted) 
laser  Is  82.9  For  14  mW  dissipated  in  the  laser.  It  will  experience 

only  -  1-2°  K  use  In  T.  If  a  heat  spreading  thick  gold  layer  Is  added  to  the 
top.  the  heating  is  substantially  reduced. 
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5.0  RECEIVER  DESIGN 

Each  receiver  port  of  an  IC  interconnect  will  require  a  high  speed, 
sensitive  detector-preamplifier.  The  characteristics  of  these  devices  are 
discussed  below. 

5.1  Detector  Design 

A  high  speed  detector  for  application  to  IC  interconnect  must  have 
sufficient  sensitivity  and  bandwidth  to  detect  the  optical  pulse  energy  avail¬ 
able  at  the  receiver  from  the  optical  distribution  network.  An  avalanche 
photodiode  based  on  GaAsAs/GaAs  is  the  best  choice  for  this  application.  The 
internal  gain  of  an  APD  leads  to  improved  signal -to-nolse  ratio  as  it 
increases  the  signal  level  with  respect  to  the  thermal  noise  of  the  amplifier 
or  output  circuit.  Increasing  the  gain  of  an  APD  also  has  the  undesirable 
effects  of  Increasing  dark  current  and  noise  and  reducing  the  speed  of 
response.  Thus,  there  Is  an  optimum  APD  gain  which  maximizes  signal -to-noi se, 
which  is  consistent  with  signal  bandwidth  or  data  rate. 

An  important  consideration  for  a  high  speed  application  is  the 
capacitance  of  aiode  which  along  with  the  preamp  Input  capacitance  will 
determine  the  maximum  Input  resistance  possible  for  a  given  bandwidth.  The 
detector  capacitance  is  dependent  upon  the  doping  level  and  size  of  the 
detector.  This  In  turn  will  determine  the  feasibility  of  using  the  various 
interconnect  schemes  in  a  particular  application. 

To  accommodate  the  APD  with  other  processing  procedures,  the  maximum 
epitaxial  layer  thickness  that  can  be  used  is  *  4  urn.  Thus,  an  Integrated  APD 
on  a  semi -Insulating  substrate  would  be  of  the  design  shown  In  Fig.  30.  Based 
on  computer  analysis  of  device  response  Including  avalanche  gain,  we  would 
expect  the  maximum  frequency  of  operation  of  such  a  device  to  be  as  shown  in 
Fig.  31. 

An  alternate  APD  approach  that  is  compatible  with  a  waveguide  tech¬ 
nology  is  shown  In  Fig. 32  .  The  area  and  thus  capacitance  of  this  device  can 
be  kept  very  small  because  of  the  small  absorption  depth  of  the  GaAs  active 
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region.  However,  the  coupling  of  light  from  the  optical  distribution  system 
into  such  a  device  will  contribute  large  Insertion  losses.  However,  the 
device  could  be  efficiently  used  In  a  system  employing  a  planar  waveguide. 

Figure  12  shows  the  capacitance  as  a  function  of  doping  and  carrier 
concentration  for  GaAs  assuming  Infinitely  thick  GaAs.  The  restriction  of  the 
thickness  of  the  GaAs  to  two  to  four  ym  limits  the  capacitance  of  any  doping 
level  to  6000  pf/cm2  to  3000  pf/cm2,  respectively.  As  a  result,  the  doping  of 
the  GaAs  active  region  must  be  kept  below  2  x  1016  cm"3.  The  minimum  size  for 
a  surface  Illuminated  APD  Is  of  the  order  50  um  x  50  un  to  allow  efficient 
coupling  of  radiation  Into  the  detector.  Thus,  the  minimum  capacitance  would 
be  of  the  order  0.075  pf.  For  a  waveguide  detector,  the  active  area  could  be 
as  small  as  5  um  x  10  urn  with  a  capacitance  as  low  as  10-3  pf. 

5.2  Amplifier  Design 

The  design  of  a  compact  preamplifier  for  Incorporation  In  the 
receiver  port  of  an  IC  must  allow  high  gain  amplification  at  high  speeds.  The 
size  constraints  on  such  a  preamplifier  are  similar  to  those  on  the  trans¬ 
mitter.  It  Is  desirable  to  reduce  the  receiver  port  to  as  small  a  dimension 
as  possible. 

Bandwidth 

The  bandwidth  of  the  preamplifier  Is  determined  by  the  RLCy  time 
constant  of  the  Input  stage.  Cj  Is  the  total  Input  capacitance  Including  the 
detector  depletion  capacitance,  Cg  the  gate  capacitance  of  the  Input  FET,  C? 
and  the  stray  capacitance  C§  for  a  monol Ithlcally  Integrated  receiver  Cs  «  c0 
and  Cg  «  C0.  Thus, 

For  a  5  GHz  bandwidth  RL  <,400  n,  If  C0  -  0.075  pf. 
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Noise 

The  minimum  average  square  of  the  noise  current  for  an  FET  front  end 
If  load  resistor  RL  ♦  •  Is  determined  by  the  FET  parameters  and  the  total 
capacitance. 

2  (2*C  )2 

Am  *  4kTr— ^-83  I3  (54) 

m 

where  r  and  I3  are  numerical  factors  determined  by  materials  parameters  and 
spectral  properties  of  the  pulse  shape  and  transfer  function,  respectively, gm 
Is  the  transconductance.  The  numerical  value  of  <12>m^n  for  typical  GaAs  FET 
parameters  Is  given  by 

<12>  *1,1  x  10~17  B3  A2  (55) 

where  B  Is  In  Gb/s. 

The  noise  current  contributed  by  the  load  resistor  Is  given  by 

«\  ■  if  >3®  <56> 

-  — -V®'-1-  B  Aa 


where  B  Is  In  Gb/s. 

For  Rl  to  achieve  a  bandwidth  of  5  GHz,  the  noise  current  contributed 
by  the  load  resistor  dominates  the  noise  of  the  front  end. 

Amplification 

The  required  amplification  of  the  preamp  to  result  In  voltage  outputs 
suitable  for  typical  voltage  swings  of  0.5  V  can  be  estimated  by  considering 
Fig.  18,  where  we  show  the  minimum  received  power  vs  frequency  for  an  APD. 

Note  that  for  system  Interconnected  with  a  guided  wave,  the  minimum  received 
power  Is  determined  by  the  number,  N,  of  connected  terminals  or  chips  (fanout). 
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For  a  large  fanout,  N  *  100,  the  maximum  received  power  Is  -  26  dBm.  A 
received  power  of  -  26  dBm  results  In  2.5  pA  of  collected  current.  For  a  gain 
of  10  In  the  APO,  this  results  In  a  signal  of  6.3  mV  across  a  250  ft  load 
resistor.  To  achieve  logic  levels  of  0.5  V  will  require  a  voltage  gain  of  - 
100.  This  can  be  obtained  by  using  a  three  stage  amplifier  with  0.5  un  gate 
length  technology  FET's. 

Size 

The  dominant  factors  In  the  size  of  the  receiver  are  the  detector  and 
output  transistor.  The  detector  must  be  50  pm  x  50  pm  In  geometry  for  surface 
coupled  applications.  For  edge  or  waveguide  coupled  applications,  the  wave¬ 
guide  detector  could  In  principle  be  much  smaller.  The  output  transistor  of 
the  preamplifier  must  drive  a  50  load  at  10  mA  to  achieve  0.5  V  logic  levels. 
This  requires  a  10  to  20  mA  saturation  current.  A  50  pm  wide  transistor  Is 
required  to  produce  this  saturation  current.  As  a  result,  the  output 
transistor  Is  -  10  pm  x  50  un  In  size.  From  these  constraints,  the  average 
size  of  the  receiver  can  be  kept  well  below  10"4  cm2.  Power  dissipation  Is 
controlled  by  the  output  transistor.  We  estimate  that 

Pj  «  0.5  x  10  mA  x  2  V  ■  10  mW. 
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6.0  TECHNOLOGY  TRADEOFFS 

In  order  to  properly  assess  various  specific  schemes  to  optically 
interconnecting  IC's,  it  is  necessary  to  consider  the  various  technology 
tradeoffs  in  the  elements  of  an  optical  interconnected  system.  The  elements 
under  consideration  are: 

(1)  Optical  distribution  system 

(2)  Transmitter  and  receiver  design 

(3)  Transmitter  and  detector  fabrication  technology. 

Each  of  the  tradeoffs  is  considered  in  detail  below. 

6.1  Optical  Distribution  System:  Guided  Wave  vs  Broadcast  Interconnect 

This  represents  the  most  critical  tradeoff  as  it  will  determine  the 
course  in  many  of  the  others.  Since  It  Is  anticipated  that  GaAs  IC's  will  be 
operating  In  the  four  to  five  Gb/s  range,  the  sensitivity  of  optimized 
receivers  Is  limited.  As  a  result  the  optical  losses  in  transmission  of 
Information  from  one  terminal  to  another  is  limited  to  -  >27dB  for  a  signal  to 
noise  ratio  of  100  (BER  <  IE  -  10).  Broadcast  Interconnection  of  devices  on  a 
10  cm  x  10  cm  broad  would  require  the  use  of  large  area  detectors  (Area  =  0.1 
cm2).  This  is  excessively  large  for  Inclusion  on  a  GaAs  IC.  On  the  other 
hand.  If  the  Interconnection  were  to  occur  over  smaller  areas;  l.e., 1  cm  x 
1  cm,  detectors  with  10"3  cm2  area  would  be  satisfactory  and  practical. 

Guided  wave  interconnect  allows  a  large  fanout  of  the  data  owing  to  the 
selective  nature  of  the  transmission.  The  Information  is  divided  into  N 
parts,  where  N  Is  the  number  of  ports  to  be  Interconnected.  Even  for  fanouts 
as  large  100,  a  guided  wave  Interconnect  system  appears  to  easily  meet  the 
noise  margin.  This  Is  true  for  Interconnect  schemes  based  on  optical  fibers 
where  no  loss  occurs  during  transmission.  In  addition  to  greater  losses,  the 
broadcast  approach  results  In  greater  propagation  delay.  The  minimum  distance 
travelled  by  a  photon  In  going  from  one  transmitter  port  to  another  is 
20  cm.  The  delay  caused  by  the  traversal  of  this  distance  Is  T^  ■  D/c  or  2  ns 
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for  a  nearest  neighbor.  The  skew  of  the  delay  to  chips  at  various  distances 
from  the  transmitter  is  ATd  =  (Xmax  -  D)/c. 

6.2  Optical  Distribution  System;  Fibers  vs  Planar  Waveguides 

To  accommodate  large  fanouts  and  complicated  interconnects,  optical 
fibers  are  the  choice  in  this  comparison.  Fibers  are  essentially  lossless  and 
thus  contribute  no  loss  other  than  coupling  and  distribution  losses.  Owing  to 
their  flexibility,  fibers  also  can  accommodate  complicated  topologies  more 
readily  than  planar  waveguides. 


Fibers 

Waveguides 


Coupling  Distribution 

Losses  Losses 

3  dB  1/N 

3  db  1/N  +  aD 


Waveguides,  on  the  other  hand,  are  quite  lossy  a  >  0.6  dB/cm.  For  large 
fanouts  or  long  distances  the  losses  in  waveguide  system  become  too  large. 
However,  for  point-to-point  interconnect  over  short  distances,  waveguides 
interconnect  would  be  totally  suitable. 

6.3  Optical  Distribution  System:  Edge  Coupling  vs  Perpendicular  Coupling 

The  particular  direction  of  coupling  is  irrelevant  for  a  guided  wave 
distribution  system  based  on  optical  fibers.  The  problem  becomes  one  of 
alignment  of  the  fibers  to  the  sources  and  detectors.  For  planar  waveguides, 
edge  coupling  is  preferred  to  simplify  the  alignment  and  waveguide  fabrication. 
However,  perpendicular  coupling  could  be  accommodated  by  the  use  of  grating 
couplers  In  the  waveguides.  Broadcast  Interconnect  is  most  simply  accom¬ 
plished  with  perpendicular  coupling  of  the  light.  It  should  be  noted  that  the 
use  of  perpendicular  coupling  requires  the  use  of  grating  fabrication  In  the 
laser. 
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6.4  Transmitter  Design:  Planar  vs  Epitaxial  Laser  Designs 

A  major  consideration  in  the  use  of  optical  interconnect  is  drive 
power  necessary  to  support;  this  form  of  Interconnect.  As  was  pointed  out  in 
a  previous  section,  the  dissipated  power  In  a  transmitter  port  scales  linearly 
with  the  drive  current  of  the  laser.  As  a  result,  low  threshold  and  high 
differential  quantum  efficiency  are  required  for  the  laser  design.  In  addi¬ 
tion,  the  structure  must  be  easily  integrable  with  the  circuitry. 

The  epitaxial  burled  heterostructure  laser  is  the  only  design  that 
appears  to  couple  low  enough  threshold  and  high  efficiency.  As  a  result,  it 
appears  the  most  desirable  device  structure  for  an  IC  transmitter.  However, 
the  Integration  to  this  structure  with  the  GaAs  Ion  implantation  technology 
predominant  for  IC's  Is  difficult  at  the  present  time.  Although  the  structure 
can  In  principle  be  grown  Into  grooves  in  the  top  surface  similar  to  Rockwell's 
present  approach,  the  processing  Is  complicated  and  will  most  likely  be  low 
yield. 

To  facilitate  the  use  of  advanced  epitaxial  laser  designs  in  trans¬ 
mitter  ports,  development  In  two  areas  Is  necessary:  (1)  Localized  epitaxial 
growth  (see  Fig.  27),  and  (2)  Backside  wafer  processing  (see  Fig.  28). 

Localized  epitaxy  facilitates  the  fabrication  of  buried  heterostructures  and 
permits  the  fabrication  of  the  different  materials  required  for  lasers  and 
detectors  In  one  growth  run.  The  latter  point  Is  of  Importance  to  minimize  the 
cost.  Backside  processing  relaxes  the  constraints  on  device  size,  permits  the 
fabrication  for  redundant  devices.  Improves  the  possibility  for  efficient  heat 
sinking,  and  reduces  the  Interaction  between  optical  and  electrical  devices.  Low 
resistance  electrical  vlas  must  be  developed  before  this  becomes  a  reality. 

6.5  Transmitter  Design:  Etched  Mirror  Lasers  vs  Distributed  Feedback  Lasers 

DFB  or  DBR  lasers  require  the  routine  fabrication  of  efficient  first 
order  gratings.  The  period  of  the  corrugations  Is  approximately  1750  A.  The 
high  efficiency  requirement  implies  that  the  grating  depth  must  be  >  1000  A. 

This  Is  a  difficult  task  that  requires  a  great  deal  of  development.  Second 
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order  gratings  with  periods  2450  A  and  depth  1500  A  are  required  for  perpen¬ 
dicular  coupling.  Grating  based  lasers  provide  superior  frequency  selectivity 
and  stability,  but  these  are  not  expected  to  be  important  for  IC  interconnect. 
Etched  mirror  lasers  on,  the  other  hand,  do  not  require  the  holographic  or 
E-beam  lithography  required  for  grating  fabrication.  This  greatly  simplifies 
the  fabrication  and  will  lower  the  cost  of  the  circuit  fabrication.  Based  on 
the  ease  of  fabrication,  adequate  frequency  selectivity,  and  lower  cost, 
etched  mirror  lasers  appear  to  be  the  best  choice.  However,  should  perpen¬ 
dicular  coupling  of  the  light  be  required  for  a  particular  interconnect 
scheme,  grating  lasers  will  be  required. 

6.6  Receiver  Design:  Avalanche  vs  PIN  Photodiodes 

The  analysis  of  Section  2.0  clearly  showed  that  to  accommodate  a  five 
Gb/s  data  rate  in  a  system  with  large  losses,  an  avalanche  photodiode  is 
required.  The  optimum  gain  for  operation  at  five  Gb/s  and  BER  of  IE-10  can  be 
determined  from  the  plot  of  Fig.  33.  Clearly  the  minimum  required  power 
occurs  at  a  gain  of  eight. 

For  a  system  with  small  fanout  and  small  losses  in  the  interconnect 
network,  however,  a  gain  of  one  could  be  accommodated.  The  specific  system 
layout  and  interconnect  will  determine  the  gain  for  the  detectors. 
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7.0  INTERCONNECT  DESIGNS 

From  the  results  of  the  previous  sections,  it  is  clear  that  no  one 
interconnect  scheme  applies  to  all  interconnect  problems.  However,  each 
system  design  must  have  the  choice  of  utilizing  the  appropriate  interconnect 
schemes.  In  this  section,  we  show  examples  of  three  optical  interconnect 
schemes  that  are  viable  approaches  for  certain  systems  applications  based  on 
the  analysis  of  the  previous  sections.  They  bear  close  similarity  to  local 
network  designs  commonly  in  use  to  interconnct  computers  and  peripherals. 

7.1  Local  Broadcast  (LB)  Interconnect 

Local  broadcast  interconncect  is  an  approach  for  the  interconnection 
of  terminals  on  a  chip  with  one  another.  It  can  be  used  as  an  element  in  the 
design  of  GaAs  Integrated  circuits  to  Increase  layout  flexibility  of  complex 
GaAs  subsystem  chips.  The  general  idea  Is  embodied  in  the  Illustration  of 
Fig.  13.  Here  we  show  a  GaAs  IC  with  distributed  transmitter  and  receiver 
ports  on  the  surface  of  the  chip.  Interconnection  of  various  subsystem  parts 
is  accomplished  by  broadcasting  these  data  in  free  space  to  all  the  receiver 
ports  on  the  chip.  The  analysis  of  Section  3.5  Indicated  that  this  scheme  is 
practical  for  areas  up  to  1  cm  x  1  cm  at  four  GHz.  The  major  advantage  of 
this  Interconnect  approach  Is  simplicity.  No  alignment  of  fibers  or  guides  is 
necessary.  The  Interconnect  Is  accomplished  by  the  packaging  of  the  circuit. 
The  major  disadvantage  of  the  approach  is  the  Inevitable  need  for  complex 
transmitter  design  —  particularly  the  laser.  LB  interconnect  can  only  be 
effectively  achieved  if  the  lasers  emit  their  light  perpendicular  to  the 
surface  In  which  they  lie.  As  discussion  In  earlier  sections  has  pointed  out, 
this  is  accomplished  with  the  use  of  distributed  feedback  gratings.  In 
principle,  gratings  can  be  fabricated  to  perform  this  function  but  only  with 
great  difficulty  at  the  present  time.  The  neccessary  technology  for  the 
Implementation  of  LB  Interconnect  Is  listed  below. 
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TRANSMITTER: 

BH  lasers  with  second  order  coupling  gratings 
Etched  mirrors 
FET  Drivers 
Backside  processing 

RECEIVER: 

Surface  Detector 
Three  stage  preamp 
Backside  processing 

The  losses  in  this  approach  are  primarily  the  distribution  losses. 

If  the  area  of  the  detector  is  10-4  cm2,  the  losses  to  interconnect  ports  on  a 
1  cm  x  1  cm  surface  area  are  -40  dB.  To  achieve  the  required  sensitivity,  the 
laser  must  emit  10-20  mW  of  power.  Larger  area  detectors  can  be  used  with  an 
increase  in  the  average  received  power  only  if  the  backside  processing 
approach  is  used. 

7.2  Direct/Relay  Interconnect 

The  most  direct  method  of  interconnecting  IC's  on  a  system  board  is 
to  interconnect  the  various  terminals  directly  as  would  be  done  in  an  elec¬ 
trically  interconnected  system.  In  principle,  this  can  be  done  by  the  use  of 
optical  fibers  or  planar  waveguides.  However,  this  approach  quickly  becomes 
Inadequate  when  several  terminals  must  be  Interconnected  (l.e.,  large  fanout). 
To  accommodate  this  possibility,  we  consider  the  system  design  Illustrated  in 
Fig.  34.  In  this  system  design  local  subsystem, interconnection  Is  accomplished 
by  direct  point-to-point  terminal  Interconnect.  This  is  usually  feasible  for 
major  subsystem  chips  and  their  support  chips.  Interconnection  of  subsystem 
segments  Is  accomplished  by  optical  relay  chips.  These  chips  decode  the 
addresses  of  the  receiver  subsystem  and  either  relay  these  data  to  the  next 
subsystem  mode  or  transfer  it  to  the  appropriate  subsystem  that  is  serves. 
Broadcast  Interconnect  to  the  various  subsystems  can  be  accommodated  by  the 
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appropriate  address.  There  are  Important  advantages  to  direct/relay  (D/R) 
Interconnect  that  should  be  lllucldated.  The  fanout  to  various  terminals  Is 
never  greater  than  one.  As  a  result,  significant  losses  in  the  coupling  of  the 
light  to  the  waveguide  and  within  the  waveguide  are  possible  without  substan¬ 
tially  affecting  the  system  performance.  Alternatively  lower  output  powers 
from  the  lasers  can  be  utilized  which  may  reduce  the  drive  current  substan¬ 
tially.  Owing  to  the  reduced  Importance  of  high  coupling  efficiency  and  low 
losses,  this  scheme  can  most  likely  be  achieved  with  relatively  low  cost 
alignment  schemes  and  low  cost  planar  waveguides.  Since  the  separation 
between  various  chips  is  envisioned  to  be  less  than  1  cm,  time  delay  between 
chips  will  be  significantly  less  than  one  clock  cycle,  and  protocol  can  easily 
be  arranged  to  avoid  data  collisions.  For  simple  systems  with  one  controller, 
this  Is  not  a  particular  problem  since  communications  are  determined  by  the 
controller.  The  major  potential  disadvantages  of  D/R  interconnect  are  the 
limited  fanout  and  delays  between  nodes.  Typical  relay  times  for  a  given  node 
may  be  as  long  as  1  ns  which  limits  the  effective  data  transfer  rate  between 
subsystems. 

The  technology  requirements  to  Implement  D/R  interconnect  are 
specified  below. 

TRANSMITTER: 

Etched  mirror  BH  laser 
Edged  coupled  laser 
FET  driver 
Backside  Processing 

RECEIVER: 

Waveguide  Detector 
One  to  Two  Stage  Preamp 
Backside  Processing 
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OPTICAL  DISTRIBUTION  SYSTEM: 

Guided  Wave  System 
Planar  Waveguides 

To  assess  the  losses  In  such  a  system,  we  need  consider  only  the 
losses  In  one  leg  of  the  system,  since  the  data  always  regenerated. 


Laser  to  waveguide  coupling  loss 
Waveguide  losses 

Waveguide  to  detector  coupling  loss 


—  3.0  dB 

—  0.6  dB 

—  3.0  dB 


The  total  loss  per  leg  Is  6.6  dB.  This  Is  considerably  lower  than  the  allowed 
losses  calculated  In  Section  3.5. 


7.3  Fiber  Star  Interconnect 

Another  guided  wave  Interconnect  approach  Is  the  fiber  star  (FS) 
Interconnect  approach.  In  this  approach,  fanout  and  selective  Interconnect 
are  achieved  by  the  fiber  network  utilized  to  Interconnect  the  ports. 

Figure  35  shows  an  Illustration  of  a  FS  Interconnected  system.  The  major 
advantages  of  such  a  system  are  the  low  co""1  g  losses.  Immediate  data  trans¬ 
mission,  and  the  system  flexlbllty.  The  n.»s  ^advantage  Is  the  complexity 
of  the  hybrid  Interconnection.  However,  with  tne  use  of  precisely  machined 
alignment  fixtures  and  automated  assembly,  even  this  can  be  overcome.  The 
task  Is  certainly  no  more  difficult  than  the  wiring  done  on  present  computer 
boards. 

The  necessary  technology  development  to  Implement  this  approach  Is 
listed  below. 


TRANSMITTER: 

BH  laser  with  distributed  feedback  coupling  grating 
Etched  mirrors 
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RECEIVER: 

Surface  detector 

Two  or  three  stage  preamp 

OPTICAL  DISTRIBUTION  SYSTEM 
Fiber  star  couplers 

The  losses  In  this  approach  are  summarized  below 

Laser  to  optical  fiber  coupling  —  3.0  dB 

Distribution  losses  —  10.0  dB 

Fiber  to  detector  losses  1.0  dB 

Thus,  the  total  signal  available  at  the  receiver  If  the  laser  emits 
1.0  mW  of  power  Is  -14  dBm.  This  Is  well  above  the  minimum  acceptable  power 
and  leaves  margin  for  considerable  other  losses  In  the  system. 
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8.0  CONCLUSIONS  AND  RECOMMENDATIONS 

The  analysis  presented  In  this  report  has  focussed  on  the  feasibility 
of  optically  Interconnecting  very  high  speed  GaAs  Integrated  circuits.  To 
determine  If  optical  Interconnect  Is  feasible.  It  has  examined  each  element  of 
such  a  system,  determined  the  optimum  parameters  for  use  In  an  optically 
Interconnected  system,  and  predicted  the  performance  of  the  element  In  the 
system  use.  As  a  result  of  this  analysis,  a  number  of  general  and  specific 
conclusions  and  recommendations  are  presented  In  this  section. 

8.1  Conclusions 

The  major  conclusions  to  be  reached  from  this  study  are: 

1.  Optical  Interconnect  Is  possible  and  sensible  for  very  high 

speed  Integrated  circuits  provided  that  continued  development  of 

certain  key  technologies  Is  continued. 

2.  Optical  Interconnect  requires  the  availability  of  on-chip 
optical  devices  to  be  feasible  and  practical. 

3.  There  Is  no  single  optical  Interconnect  approach  suitable  for 
all  applications.  Rather,  each  system  application  will  require  separate 
consideration  and  design.  As  a  result  the  generic  technology  development  must 
be  performed  to  provide  the  system  designer  with  options  for  Interconnect. 

4.  Optical  Interconnection  of  circuits  on  a  circuit  board  must 
utilize  guided  optical  waves,  so  that  sufficient  noise  Immunity  Is  achieved. 

5.  On-chip  Interconnect  Is  possible  with  free  space  broadcast 
Interconnect. 

6.  Input  and  output  terminals  with  dimension  comparable  to  present 
day  bonding  pads  are  feasible. 

7.  Power  dissipation  for  optical  device  elements  can  be  made  a 
small  fraction  of  total  chip  power  dissipation. 

8.  All  high  speed  data  Input  and  output  can  be  performed  by  optical 

means. 
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9.  Significant  technology  development  Is  required  before  optical 
Interconnect  can  be  routinely  used  in  system  Interconnect. 

8.2  Recommendations 

The  recommendations  that  result  from  this  study  are  concerned  with 
the  technology  development  that  must  be  performed  to  make  optical  Interconnect 
a  reality. 


1.  The  continued  exploration  of  the  technology  for  Integrating  the 
optical  devices  with  electronic  devices  Is  needed.  Focus  should  be  given  to 
the  development  of  backside  processing  techniques  to  Increase  the  flexibility 
of  the  integrated  optoelectronics  technology. 

2.  The  development  of  very  low  threshold  lasers  based  on  the  burled 
heterostructure  design  must  be  pursued.  The  goal  of  this  development  Is 
technology  for  the  fabrication  of  lasers  with  less  than  5  mA  threshold  current 
and  very  high  quantum  efficiency  operation. 

3.  The  development  of  dlstrubuted  feedback  grating  technology  to 
allow  the  fabrication  of  efficient  first  and  second  order  gratings  must  be 
undertaken. 


4.  Etched  mirror  lasers  for  use  In  optical  Interconnect  must  be 
developed. 

5.  Further  development  of  high  speed,  high  efficiency  photodiodes 
is  required. 

6.  Further  development  of  low  loss  planar  optical  waveguides  Is 


required. 

7.  Advanced  fabrication  techniques  for  the  formation  of  fiber 
couplers  are  required. 


A  plan  to  utilize  optical  Interconnect  In  a  GaAs  IC  system  should  be 
based  around  a  specific  system  under  development.  The  most  practical  system 
under  near  term  development  that  will  require  an  optical  Interconnect  Is  a 
GaAs  microprocessor  system.  The  development  of  this  chip  set  Including  a  CPU, 
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cache  memory  and  bulk  memory  is  being  pursued  at  Rockwell.  It  Is  anticipated 
that  by  1987  this  chip  set  will  have  been  demonstrated.  To  Incorporate  an 
optical  Interconnect  onto  such  a  system  will  require  Immediate  attention  to 
generic  technology  development.  The  specific  development  pertinent  to  the 
microprocessor  can  be  addressed  within  the  microprocessor  program.  The 
program  for  technology  development  should  address  generic  development  needs 
until  the  architecture  of  the  system  Is  well  defined.  Decisions  can  then  be 
made  as  to  the  specific  configuration  to  be  used.  This  plan  assumes  an 
ongoing  program  to  develop  a  high  capacity  fiber  optic  bus  and  uses  the 
technology  developed  in  that  program.  A  decision  point  Is  planned  after  three  years 
to  assess  the  practicality  of  optical  Interconnect  vis  a  vis  other 
technologies. 

Three  general  areas  require  development: 

1.  Integrated  lasers  with  ultra  low  threshold 

2.  Integrated  detectors 

3.  Optical  distribution  networks 

Lasers 

The  goal  of  this  development  area  is  to  develop  a  laser  technology 
suitable  for  Integration  with  complex  GaAs  IC's  and  that  also  operate  with 
very  low  threshold  currents  (<  5  ma).  The  choice  of  a  burled  heterostructure 
design  makes  the  achievement  of  back-side  processing  more  desirable.  This 
technology  should  be  developed  to  assess  the  merits  and  advantages  vis  a  vis 
conventional  processing.  The  Incorporation  of  grating  Into  laser  design  will 
require  that  significant  development  be  given  this  area.  Some  of  this  will 
be  done  In  conjunction  with  the  fiber  bus  development,  but  additional  work 
particularly  In  the  area  of  second  order  grating  couplers  should  be  done  here. 
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Detectors 

The  major  area  development  needed  for  IC  Interconnect  Is  the 
development  of  large-area,  low-capacitance  detectors  for  possible  use  In 
broadcast  Interconnect  system. 

Optical  Distribution  Network 

Various  network  options  will  be  explored  to  determine  losses  and 
fabrication  procedures.  Fiber  and  planar  waveguide  networks  must  be  developed 
for  this  application  as  well  as  the  means  for  hybrid  coupling  these  networks 
to  arrays  of  lasers  and  detectors. 
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82  83  84  85  86  87 
01 

1.  Low  Threshold  Integrated  Laser  Technology  Development  - 

2.  Backside  Processing  Technology  Development  - 

3.  Grating  Fabrication  Development 

4.  Integrated  Detector  Technology  Development  — 

5.  Fiber  Coupler  Technology  Development  - 

6  Planar  Waveguide  Technology  Development  - 

7.  Hybrid  Packaging  Development 

A 

1 

D-l  Decision  point  -  Assess  practicality  of  optical  interconnect. 
a  1.  Demonstration  of  Integrated  transmitter  and  receiver. 
a  2.  Demonstration  of  microprocessor  chip. 

a  3.  Demonstration  of  optically  Interconnected  microprocessor  system. 
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